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ABSTRACT 


The  purpose  of  this  study  has  been  to  define  the  optimum  shaft- 
driven  rotor  system  for  the  heavy-lift  helicopter. 

A  parametric  analysis  was  made  for  the  tandem-lift  rotor  sys¬ 
tem  and  the  single-  lift/anti  torque  rotor  system;  mathematical 
models  programmed  for  derivation  by  large  digital  machines 
were  used  for  the  analysis.  The  tandem-lift  rotor  system  was 
chosen  for  preliminary  design  study. 

The  preliminary  design  study  used  the  rotor  geometry  determined 
by  the  rotor  system  parametric  analysis.  Attention  was  given 
primarily  to  the  articulated  rotor  and  secondarily  to  the 
hingeless  semirigid  rotor.  Study  of  the  hingeless  semirigid 
rotor  was  limited  to  an  exploratory  parametric  analysis  to 
determine  its  compatibility  with  a  tandem-lift  rotor  system. 
Although  the  analysis  does  not  represent  an  optimized  hinge¬ 
less  semirigid  rotor,  it  does  indicate  the  areas  of  risk,  the 
weight  increment,  and  the  areas  worthy  of  further  study. 

The  preliminary  design  study  includes  stability,  control,  and 
flying  qualities;  a  static  and  dynamic  structural  analysis;  pre¬ 
liminary  design  layouts;  weights;  and  a  brief  evaluation  of 
reliability.  It  specifically  includes  stall  flutter,  flap- 
lag  instability,  rotor  hub  shaking  forces,  and  fuselage  re¬ 
sponse. 

A  dual  longitudinal  control  system  has  been  developed  which 
uses  both  differential  collective  and  longitudinal  cyclic  pitch 
to  provide  hover  attitude  control.  It  permits  the  helicopter 
to  hover  parallel  to  an  external  load  or  terrain  without  its 
fuselage  attitude  being  influenced  by  center  of  gravity. 

It  was  concluded  that  the  tandem-lift  rotor  system  with  artic¬ 
ulated  rotors  and  dual  longitudinal  control  best  meets  the 
requirements  of  the  heavy-lift  helicopter. 


FOREWORD 


A  two-part  parametric  analysis  and  design  study  of  a  shaft- 
driven  rotor  system  for  the  heavy-lift  helicopter  has  been 
conducted  under  U.S.  Army  Aviation  Materiel  Laboratories 
(USAAVLABS)  contract  DA44-177-AMC-206  (T)  with  the  Vertol 
Division  of  Boeing. 

Part  I  consisted  of  a  rotor  system  parametric  analysis.  In 
Part  II,  a  preliminary  design  study  was  made  of  the  rotor  con¬ 
figuration  selected  in  Part  I.  This  report  covers  both  parts. 

USAAVLABS  was  represented  by  Mr.  W.  Oyler,  Research  Contract¬ 
ing  Office;  by  Lt.  N.  Solow  and  Mr.  W.  Nettles,  Project 
Engineers;  and  by  Mr.  J.  Yeates,  Chief  of  the  Aeromechanics 
Division. 
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SYMBOLS 


NOTE:  The  symbols  used  in  STATIC  AND  DYNAMIC  STRUCTURAL 

ANALYSIS  OF  THE  ARTICULATED  ROTOR  applicable  to  metallic 
materials  and  elements  for  flight  vehicle  structures  are 
listed  in  MIL-HDBK-5. 


A 


alt 

Ale 

Alf 


Multiplying  constant  for  standard  weight  trend 
Subscript  indicating  alternating  load 
Blade  lateral  cyclic  pitch  in  degrees 
Flap  angle  in  degrees 


B  Basic  structure  weight  constant  (WEIGHTS) 

Multiplying  constant  for  advanced-technology 
weight  trend  (WEIGHTS) 

b  Number  of  blades  per  rotor 


B^c  Blade  longitudinal  cyclic  pitch  in  degrees 

B^q  Life  Minimum  life  in  hours  that  90  percent  of  the  ball 

and  rolling  element  bearings  will  achieve  before 
first  evidence  of  failure  will  be  perceptible 


c  Blade  chord  in  feet 

(ROTOR  SYSTEM  PERFORMANCE  PARAMETRIC  ANALYSIS 
and  WEIGHTS) 

Blade  chord  in  inches 

(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE 
ARTICULATED  ROTOR) 


Basic  oscillating  capacity  of  bearing  in  pounds 
(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE 
ARTICULATED  ROTOR) 
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c  Distance  of  stressed  fiber  to  neutral  axis  in 

inches  (STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS 
OF  THE  HINGELESS  SEMIRIGID  ROTOR) 

CBR  California  Bearing  Ratio 

C.F.  Centrifugal  force  in  pounds 

(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE 
HINGELESS  SEMIRIGID  ROTOR) 

Cp  Centrifugal  force  in  pounds 

(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE 
ARTICULATED  ROTOR) 

Cl  Coefficient  of  lift 

CL  Mean  blade  lift  coefficient 

Comp  CF  Component  part  of  centrifugal  force  in  pounds 

Gj«  Rotor  thrust  coefficient 

Cq 1'  Vertical  component  of  rotor  thrust  coefficient 


d  Roller  element  diameter  of  bearing  in  inches 

(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE 
ARTICULATED  ROTOR) 

Rotor  diameter  in  feet 

(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE 
ARTICULATED  ROTOR) 

Lateral  distance  of  center  of  gravity  from  roll 
axis  in  inches  (STATIC  AND  DYNAMIC  STRUCTURAL 
ANALYSIS  OF  THE  HINGELESS  SEMIRIGID  ROTOR) 

Flapping  hinge  offset  in  feet 
(WEIGHTS) 

Dpitch  Roller  bearing  pitch  diameter  in  inches 

Dshaft  Roller  bearing  shaft  diameter  in  inches 
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e  Rotor  flap  hinge  offset  in  inches  or  feet 

(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE 
HINGELESS  SEMIRIGID  ROTOR) 


fe 

FCF 

Fx 

F 


F 

*y0 

F 

y°A 

FyoF 

Fz 

Fz3 

f (Fyo,  9i) 


Equivalent  flat-plate  drag  in  square  feet 

Tension  stress  due  to  centrifugal  force  in 
pounds  per  square  inch 

Relative  longitudinal  load 

Relative  lateral  load  (ROTOR  SYSTEM  PERFORMANCE 
PARAMETRIC  ANALYSIS) 

Lateral  force  in  pounds  (STATIC  AND  DYNAMIC 
STRUCTURAL  ANALYSIS  OF  THE  HINGELESS  SEMIRIGID 
ROTOR) 

Lateral  aerodynamic  force  in  pounds 

Lateral  aerodynamic  force  (aft  rotor)  in  pounds 

Lateral  aerodynamic  force  (forward  rotor)  in 
pounds 

Relative  vertical  load 
Vertical  force  in  pounds 
Yaw  control  power 


GW  Gross  weight  in  pounds 

h  Couple  distance  in  feet 

Hd  Density  altitude  in  feet 
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Height  of  forward  rotor  above  horizontal  refer¬ 
ence  in  feet  (STATIC  AND  DYNAMIC  STRUCTURAL 
ANALYSIS  OP  THE  ARTICULATED  ROTOR) 

Height  of  forward  rotor  above  horizontal  refer¬ 
ence  in  feet  (STATIC  AND  DYNAMIC  STRUCTURAL 
ANALYSIS  OF  THE  HINGELESS  SEMIRIGID  ROTOR) 

Pressure  altitude  in  feet 

Horsepower  required  per  rotor 

Transmission  design  horsepower 

Height  of  aft  rotor  above  horizontal  reference 
in  feet  (STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS 
OF  THE  ARTICULATED  ROTOR) 

Height  of  aft  rotor  above  horizontal  reference 
in  feet  (STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS 
OF  THE  HINGELESS  SEMIRIGID  ROTOR) 


Identifying  subscript  for  flap 

Blade  flapping  inertia  in  foot  pounds  per  second 
squared 

Inclination  of  forward  rotor  shaft  in  degrees 

Inclination  of  aft  rotor  shaft  in  degrees 

Mass  moment  of  inertia  about  Z  axis  in  slug  feet 
squared 

Identifying  subscript  for  chord 


Group  weight  factor 


k  Ratio  of  shaft  ID  to  OD  (STATIC  AND  DYNAMIC 

STRUCTURAL  ANALYSIS  OF  THE  HINGELESS  SEMIRIGID 
ROTOR) 

Blade  flapping  inertia  proportionality  factor 
(WEIGHTS) 

Droop  constant  (WEIGHT  ESTIMATION  METHODS) 

Kjj  Drive  system  weight  factor 

Nondimens ional  drag  factor  (ROTOR  SYSTEM 
PERFORMANCE  PARAMETRIC  ANALYSIS) 

Nondimens ional  blade  droop  factor  (WEIGHTS) 

KE  Cap  Kinetic  energy  capacity  in  foot  pounds 

Kr  Rotor  system  weight  factor 

k  Blade  torsional  spring  rate  in  inch-pounds  per 

radian 


L  Horizontal  distance  between  rotors  in  feet 

(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF 
THE  ARTICULATED  ROTOR  and  STATIC  AND  DYNAMIC 
STRUCTURAL  ANALYSIS  OF  THE  HINGELESS  SEMIRIGID 
ROTOR) 

Length  of  flapping  portion  of  blade  in  feet,  or 
R-d  (WEIGHTS) 

L c  or  1  Length  of  cabin  in  feet 

Leff  Effective  length  of  roller  bearing  in  inches 

Lgw  or  lj^  Length  of  ramp  well  in  feet 
L^  Length  of  cargo  floor  in  feet 


M  Rotor  blade  pitch  moment  in  inch  pounds 
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M 

Allowable 

jN*hubA 

^hub,, 

P 

Mi 

Mpitch 

Msp 

*x 

«y 

«z 

M1 

Me 


Blade  static  moment  in  foot  pounds  (WEIGHTS) 

Allowable  moment  in  inch  pounds 

Aft  hub  roll  moment  in  inch  pounds 

Forward  hub  roll  moment  in  inch  pounds 

Generalized  hub  moment  in  inch  pounds 

Rotor  shaft  pitching  moment  in  inch  pounds 

Swashplate  moment  in  inch  pounds 

Longitudinal  effective  fuselage  mass  at  hub  in 
slugs 

Lateral  effective  fuselage  mass  at  hub  in  slugs 

Vertical  effective  fuselage  mass  at  hub  in  slugs 

Average  vibratory  moment  in  inch  pounds 

Rotor  blade  static  moment  about  flap  pin  in  foot 
pounds 


N 

(N) 

n 


Nt 


N, 


N 


N 


N, 


n. 


Rotor  speed  in  rpm 

Number  of  rolling  elements  in  bearing 
Ultimate  load  factor  (WEIGHTS) 

Number  of  rotors  (STATIC  AND  DYNAMIC  STRUCTURAL 
ANALYSIS  OF  THE  ARTICULATED  ROTOR) 

Number  of  engines 

Number  of  litters 

Normal  rotor  speed  in  rpm 

Rotor  hover  speed  in  rpm 

Number  of  rotors  (WEIGHTS) 
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Number  of  troops 


Rate  of  change  in  yawing  moment  with  sideslip 
angle  in  foot  pounds  per  radian 

Oil  lubrication  factor 

Bearing  speed  in  oscillations  per  minute 


Pitch- link  load  in  pounds  (STATIC  AND  DYNAMIC 
STRUCTURAL  ANALYSIS  OF  THE  ARTICULATED  ROTOR) 

Radial  load  on  bearing  in  pounds  (STATIC  AND 
DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE  HINGELESS 
SEMIRIGID  ROTOR) 

Bearing  cubic  mean  load  in  pounds 

Bearing  load  in  pounds  for  rotor  speed  Nn 

Bearing  pressure-velocity  parameter  in  pounds 
per  square  inch  x  feet  per  minute 


Rotor  performance  parameter  in  pounds 


Rotor  radius  in  feet 

Outside  radius  of  tubular  shaft  in  inches 
(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE 
HINGELESS  SEMIRIGID  ROTOR) 

Radial  blade  center  of  gravity  from  centerline 
of  flapping  hinge  in  feet 

Distance  from  centerline  of  rotation  to  point 
of  blade  attachment  in  feet 

Inside  radius  of  tubular  shaft  in  inches 

Radius  of  the  pitch  arm  in  inches 
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Radius  of  the  swashplate  arm  in  inches 


s 

SF 

Sf 

SHF 

SSF 


Subscript  indicating  steady  load 
Bearing  size  factor 

Wetted  area  of  fuselage  (including  pylons)  in 
square  feet 

Shaft  hardness  factor 

Stationary  shaft  factor 


t  Time  in  minutes  (STATIC  AND  DYNAMIC  STRUCTURAL 

ANALYSIS  OF  THE  ARTICULATED  ROTOR) 

Blade  thickness  at  25-percent  radius  in  feet 
(WEIGHT  ESTIMATION  METHODS) 

TSp  Swashplate  thrust  in  pounds 


UCI 


Unit  construction  index 


cr 


forward 


'H 


V 

max 


Cruise  speed  in  knots 

Forward  speed  of  the  helicopter  in  knots 

Forward  speed  of  the  helicopter  in  knots 
(STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE 
ARTICULATED  ROTOR) 

Maximum  forward  flight  speed  in  knots 

Blade  tip  speed  in  feet  per  second 

Blade  design-limit  tip  speed  in  feet  per  second 


xxviii 


w 


w 


AC 


*b 


w, 


BG 


BS 


W, 

Wcc 

WD  or  WDS 

we 

wee 

WES 

(Wes)a 


wF 

Wf 

wFC 

WFUL 

wg 

% 

WI 

WLC 

WM 

WME 

WPA 


Design  gross  weight  (STABILITY,  CONTROL,  AND 
FLYING  QUALITIES) 

Weight  of  airconditioning  and  anti-icing  group 
in  pounds 

Blade  weight  in  pounds 

Weight  of  body  group  in  pounds 

Weight  of  basis  structure  in  pounds 

Weight  of  cockpit  controls  in  pounds 

Weight  of  drive  system  in  pounds 

Engine  weight  in  pounds 

Weight  of  emergency  equipment  in  pounds 

Engine  section  weight  in  pounds 

Engine  section  weight  by  advanced  technology  in 
pounds 

Weight  of  root-end  fitting  in  pounds 
Flapping  weight  of  one  blade  in  pounds 
Total  flight  controls  weight  in  pounds 
Weight  of  fixed  useful  load  in  pounds 
Design  gross  weight  in  pounds  (WEIGHTS) 

Weight  of  hinge  and  blade  retention  in  pounds 

Weight  of  instrument  group  in  pounds 

Weight  of  loadmaster's  hover  controls  in  pounds 

Weight  of  engine  mounts  in  pounds 

Weight  of  miscellaneous  equipment  in  pounds 

Weight  of  personnel  accommodations  in  pounds 
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WR  Total  rotor  group  weight  in  pounds 

Wr  Weight  of  one  rotor  in  pounds 

Wg  Weight  of  structure  for  landing  gear  in  pounds 

Wg£g  Weight  of  stability  augmentation  system  in  pounds 

Wsc  Weight  of  system  controls  (including  hydraulic 

boost  system)  in  pounds 

WuC  Weight  of  upper  controls  in  pounds 

W^  Weight  of  cargo  floor  in  pounds 


x 

*c 

'£ 

y 

z 

1/2P  aoCoR^ 
Iflap 


Exponential  power  factor  for  K 
Inboard  airfoil  blade  cutout  (r/R) 
Lateral  force  in  pounds 
Exponential  power  factor  for  K 
Vertical  force  in  pounds 

Locke  number 


6 


6 (radians) 
ACG 

Afe 


Coning  angle  in  degrees 

Angular  separation  in  degrees  between  rolling 
elements  of  a  bearing 

Coning  angle  in  radians 

Allowable  center-of-gravity  travel  in  feet 

Change  in  equivalent  flat-plate  area  in  square 
feet 


6T/6a 


Rate  of  change  of  rotor  thrust  with  respect  to 
fuselage  angle  of  attack  in  pounds  per  radian 


XXX 


%AWT 


CR 


0TWOr  91 


0 


0,75 


\ 

P 

P 

a 

♦ 


fl 

a )/0 


0) 

o 


Percent  change  in  weight  between  hingeless  and 
articulated  rotor 

Delta  three 

Ultimate  load  factor 

Crash  load  factor 

Inclination  of  the  forward  rotor  shaft  in  degrees 

Inclination  of  the  aft  rotor  shaft  in  degrees 

Total  linear  blade  twist  in  degrees 

Lateral  cyclic  control  input  in  degrees 

Blade  collective  pitch  in  degrees  at  75-percent 
radius 

Inflow  ratio 

Rotor  advance  ratio 

Air  density  in  slugs  per  cubic  foot 

Solidity  (be/  R) 

Blade  azimuth  position 

Rotor  rotational  speed  in  radians  per  second 

Exciting  frequency  (multiple  of  rotor  speed) 

Natural  frequency  associated  with  the  th 
bending  mode  of  the  blade  in  cycles  per  minute 

Blade  fundamental  mode  frequency  in  cycles  per 
second 
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SUMMARY 


The  purpose  of  this  investigation  is  to  define  the  optimum  con¬ 
figuration  and  physical  characteristics  for  a  shaft-driven 
heavy-lift  helicopter  rotor  system  (this  includes  the  number  of 
rotors,  the  rotor  blade  geometry,  hub  articulation  and  control 
requirements)  and  a  general  functional  and  structural  descrip¬ 
tion  of  the  aircraft  for  which  the  selected  rotor  design  is 
applicable. 

ROTOR  SYSTEM  PERFORMANCE  PARAMETRIC  ANALYSIS 

The  objective  of  the  parametric  analysis  is  the  selection  of  a 
rotor  system  for  the  heavy-lift  helicopter  missions  from  within 
the  limited  field  of  two  shaft-driven  systems:  the  tandem-lift 
rotor  system  and  the  single- lift/antitorque  rotor  system.  Cal¬ 
culation  of  propulsion,  performance,  and  weight  parameters  for 
each  rotor  configuration  was  iterated  for  a  set  of  mission 
ground  rules;  successive  iterations  were  continued  until  the 
assumed  and  derived  parameters  converged.  The  missions  and 
parameters  are  categorized  in  Tables  I  and  II. 

NOTE:  The  use  of  the  word  "parametric"  in  this  report  has 
been  limited  to  its  mathematical  connotation:  assignment 
of  successive  arbitrary  values  to  variables  for  the  pur¬ 
pose  of  obtaining  discrete  solutions  which  approximate  the 
closed-form  solutions  of  real,  physical  models.  As  with 
many  mathematical  models  of  a  hypergeometric  nature,  the 
independent  variables  become  parameters  especially  when 
they  are  used  with  convergence  techniques  involving  suc¬ 
cessive  iterations  by  digital  computer. 

To  evaluate  the  results  from  the  mathematical  models,  selection 
criteria  were  postulated  in  two  categories:  necessary  condi¬ 
tions  for  selection  and  sufficient  conditions  for  selection. 

The  use  of  the  words  "sufficient  conditions"  here  implies  that 
once  the  necessary  conditions  are  met  by  both  the  tandem-lift 
rotor  system  and  the  single-lift/antitorque  rotor  system,  any 
residual  conditions  constitute  an  area  for  tradeoff  analysis. 
The  resultant  selected  subset  conditions  then  become  adequate 
and  commensurate  reasons  for  choosing  one  configuration  over 
the  other.  In  this  context,  these  are  termed  "sufficient 
conditions. " 

Necessary  conditions  are  those  which  must  be  met  without  com¬ 
promise: 
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TABLE  I 

MISSION  REQUIREMENTS  PER  CONTRACT 


Requirement 

Transport 

Mission 

Heavy-Lift 

Mission 

Ferry 

Mission 

Payload  out 

12  tons* 

20  tons** 

None 

Minimum  design 

load  factor 

2.5 

2.5 

2.0 

Radius 

100  n.mi. 

20  n.mi. 

1500  n.mi. 

(STOL  takeoff) 

Cruise  speed: 

W/payload 

110  kt 

95  kt 

- 

W/o  payload 

130  kt 

130  kt 

For  best  range 

Hover  time: 

At  takeoff 

3  min 

5  min 

- 

At  midpoint  w/ 

payload 

2  min 

10  min 

— 

Hover  OGE 

6000  ft 

Sea  level 

— 

95°F 

59°F 

Mission  altitude 

Sea  level 

Sea  level 

For  best  range 

standard 

standard 

Reserve  fuel 

(%  initial  fuel) 

10% 

10% 

10% 

Fuel  allowance  d> 

MIL-C-5011A 

Ref 

Ref 

Ref 

*  Payload  considered 

to  be  carried  internally. 

For  crane/ 

personnel  carrier. 

a  pod  was  assumed  to  enclose  the  load,  and 

a  flat-plate-area 

increment  of  10  square  feet 

was  assumed 

for  extra  drag.  Pod  weight  was 

considered  part  of  payload. 

**Payload  considered 

to  be  carried  externally. 

A  flat-plate- 

area  increment  of 

100  square  feet  was  assumed 

for  extra  drag 

on  both  the  transport  and  the  crane/personnel 

carrier. 
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TABLE  II 
PARAMETERS 


Length  of  cargo  compartment* 

Width  x  height  of  cargo 
compartment* 

Percent  of  Inf.  Div.  trans¬ 
portable  with  12-ton  payload* 

Ground- to-fuselage  clearance* 

Tip  speed  (Vt) 

Mean  blade  lift  coefficient 

(Cx) 

Blade  twist 
Airfoil  section 
Rotor  blade  overlap 

Rotor  blade  coning  angle 
Solidity 

Number  of  blades  per  rotor 

Tower  required  (transmission 
rating) 

Rotor  radius 

Cruising  speed 


540  inches 

144  x  108  inches  for  transport 
120  x  78  inches  for  crane 

91  percent  of  items; 

59  percent  of  weight** 

4.25  feet  for  transport 
13.5  feet  for  crane 

600  to  800  feet  per  second 


0.60  to  0.80 

-12  to  -6  degrees 

NACA  0012  and  23012 

0  to  35  percent  for  tandem 
Not  applicable  for  single 

4.3  to  7.4  degrees 

0.05  to  0.25  for  tandem 
0.06  to  0.21  for  single 

3,  4,  and  5  for  tandem 

4,  5,  and  6  lift  blades  for 
single 

4,  5,  and  6  antitorque  blades 
for  single 

11,000  to  17,200  shp  for  tandem 
12,400  to  15,200  shp  for  single 

30  to  50  feet  for  tandem 
46  to  64  feet  for  single 

100  to  170  knots  for  tandem 
80  to  160  knots  for  single 


*These  parameters  were  defined  by  estimates;  they  were  not 
specified  in  the  contract,  but  they  are  necessary  to  the 
study.  All  other  parameters  listed  here  were  defined  by 
helicopter  aerodynamic  science,  history,  configurations,  and 
by  iteration. 

**Payload  considered  to  be  carried  internally  by  transport, 
internallvand  externally  bv  crane/personnel  carrier. _ 
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1.  Mission  requirements 

2.  Inherently  good  flying  qualities 

3.  Acceptable  vibration  levels 

4.  A  high  safety  index,  as  reflected  in  structural  in¬ 
tegrity  and  reliability 

Sufficient  conditions  are  those  which  become  the  basis  for 
choice  between  configurations: 

1.  A  competitively  low  producibility,  maintainability, 
and  availability  cost/effectiveness  index,  as  re¬ 
flected  in  weight  empty 

2.  A  competitively  low  fuel  requirement 

3.  Margins  of  superiority  beyond  mission  requirements, 
provided  that  these  margins  do  not  increase  cost. 

4.  Because  the  airframe  has  not  been  defined,  the  select¬ 
ed  rotor  configuration  must  be  compatible  with  the 
forms  the  aircraft  may  eventually  take. 

Both  the  analysis  and  historical  confidence  indicate  that  both 
the  tandem-lift  and  single-lift/antitorque  rotor  systems  can 
meet  the  necessary  conditions  for  selection.  (The  ability  to 
meet  all  mission  requirements  is  implicit  in  the  mathematical 
models.)  The  details  on  flying  qualities,  airframe  vibration, 
structural  integrity,  and  reliability  are  found  in  the  STABIL¬ 
ITY,  CONTROL,  AND  FLYING  QUALITIES;  STATIC  AND  DYNAMIC  STRUC¬ 
TURAL  ANALYSIS;  and  RELIABILITY  chapters  of  this  report. 

A  summary  of  heavy-lift  helicopter  weights  and  performance 
is  given  in  Table  III.  Based  on  a  review  of  the  computer¬ 
generated  results,  which  show  differences  in  optimized  weights 
between  configurations,  the  tandem-lift  rotor  system  was 
selected  for  the  preliminary  design  study  because  it  best 
satisfies  those  conditions  defined  above  as  sufficient  con¬ 
ditions  for  selection. 

PRELIMINARY  DESIGN  STUDY 


The  objective  of  the  preliminary  design  study  is  to  define  the 
rotor  system  in  detail.  At  an  early  stage  in  the  study,  it 
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TABLE  III 

WEIGHTS  AND  PERFORMANCE  SUMMARY 


r 


t 


* 


I 


Single-Lift/Anti torque 
Rotor  Helicopter 

Four  501-M26 

Three  501 

Ji 

Transport 

Crane 

Transport 

Item 

Req ' d  Max 

Req 1 d  Max 

Req '  d  Max 

ReqM 

Cruise  Cruise  Cruise  Cruise 

CruiseCruise  Crui 

Speed  Speed 

Speed  Speed 

Speed  Speed 

Speel 

Blade  radius  (ft) 

48.0 

48.0 

43.0 

Chord  (ft) 

4.0 

4.0 

3.5 

Airfoil  section 

NACA  23012 

NACA  23012 

NACA  23012 

NACA 

Solidity 

0.133 

0.133 

0.07772 

0.0 

Tip  speed  (fps) 

700 

700 

700 

] 

Blade  twist  (deg) 

-12 

-12 

-9 

j 

Number  of  blades 

5 

5 

3 

Transmission  rating  (shp) 

15500 

15500 

12000 

li 

Cabin  size  (cu  ft) 

45x12x9 

- 

45x12x9 

1 

Basic  flat  plate  area  (sq  ft) 

96.6 

142.2 

93.5 

13 

Design  gross  weight  (lb) (load  factor  2.5) 

91600 

91600 

87000 

81 

Empty  weight  (lb) 

47173 

45949 

42027 

34 

Transport  Mission  8 

| 

Fixed  useful  load  (lb) 

880  880 

880  880 

880  880 

88 

Payload 

24000  24000 

24000* 24000 

24000  24000 

wm 

Mission  fuel 

9890  9747 

10816  10801 

8250  9050 

893 

Takeoff  gross  weight 

8  197  36  8  1800 

816456  816306 

75157  75957 

ipf 

Maximum  hover  gross  weight  @6000  ft,  95#F  (lb) 

81800  81800 

81120  81120 

78500  78500 

V  outbound  (kt) 

110  149 

110  120 

110  167 

1 

Vmax  (kt)  not  exceeding  NRP 

169  169 

155  155 

167 

_J 

Heaw-Lift  Mission  8 

Fixed  useful  load  (lb) 

Payload  2 
Mission  fuel 
Takeoff  gross  weight 

Maximum  hover  gross  weight  (lb)  @  SL  Std 

V  outbound  (kt)  2 

Vmax  (kt)  not  exceeding  NRP  2 


Ferrv  Mission  8 

Fixed  useful  load  (lb) 

880 

880 

880 

Auxiliary  tanks  (lb) 

4779 

4805 

4829 

i 

Mission  fuel  (lb) 

61668 

62866 

61105 

6: 

Takeoff  gross  weight  (lb)  based  on  L.F.=2 

114500 

114500 

108750 

lot 

Average  cruise  speed  (kt) 

130 

126 

134 

Ferry  range  (n.mi.)  3 

1782  5 

1595  5 

1930  4 

« 

880 
40000 
4670 
927236  7 
92400 
95 
146 


880 

40000 

4735 

91564 

92000 

95 

139 


880  880 
40000  40000 
3660  3640 

86567  86547 
89930  89930 
95  139 

139 


8l 

400| 

381 

842j 

8971 


NOTES : 

1.  Payload  carried  internally  for  crane  type,  t fe  =  10 
square  feet.  To  account  for  pod  to  enclosure  payload, 
pod  weight  is  included  as  payload. 

2.  Payload  carried  externally.  Afe  =  100  square  feet  to 
account  for  drag  of  payload. 

3.  Based  on  flying  at  optimum  altitude  but  not  higher  than 
10,000  feet. 


One  engine 
Two  engines! 
Total  over! 
hover  weigh 
Total  overl 
gross  weigh 
Missions  ar 


TABLE  III 

IGHTS  AND  PERFORMANCE  SUMMARY 


ift/Anti torque 

Tandem-Lift  Rotor  Helicopter 

licopter 

)1-M26 

Three  501 

-M26 

Four  T55»l 

L-ll 

Four  T64 

S/4 

; 

Crane 

Transport 

Crane 

Transport 

Crane 

Transport 

Crane 

Req ' d  Max 

Req 1  d  Max 

Req'd  Max 

Req ' d  Max 

Req'd  Max 

Req '  d  Max 

Req '  d  Max 

.se  Cruise  Cruise 

Cruise  Cruise  Cruise  Cruise  Cruise  Cruise  Cruise  Cruise  Cruise  Cruise  Cruise  Cruise 

id 

Speed  Speed 

Speed  Speed 

Speed  Speed 

Speed  Speed 

Speed  Speed 

Speed  Speed 

Speed  Speed 

48.0 

43.0 

43.0 

43.0 

43.0 

43.0 

43.0 

4.0 

3.5 

3.5 

3.5 

3.5 

3.5 

3.5 

i 

NACA  23012 

NACA  23012 

NACA  23012 

NACA  23012 

NACA  23012 

NACA  23012 

NACA  23012 

0.133 

0.07772 

0.07772 

0.07772 

0.07772 

0.07772 

0.07772 

700 

700 

700 

700 

700 

700 

700 

-12 

-9 

-9 

-9 

-9 

-9 

-9 

5 

3 

3 

3 

3 

3 

3 

15500 

12000 

12000 

12Q00 

12000 

12000 

12000 

- 

45x12x9 

- 

45x12x9 

- 

45x12x9 

- 

142.2 

93.5 

136.5 

95.6 

138.6 

95.6 

138.6 

91600 

87000 

87000 

87000 

87000 

87000 

87000 

45949 

42027 

39571 

42224 

39769 

42877 

40421 

0 

880  880 

880  880 

880  880 

880  880 

880  880 

830  880 

880  880 

0 

24000*  24000 

24000  24000 

240001 24000 

1  24000  24000 

24000*24000* 

24000  24000 

24000*  24000* 

r7 

10816  10801 

8250  9050 

8920  9550 

8750  9792 

9600  10260 

7700  7743 

8390  9170 

0 

8  164  56  8  16  306 

75157  75957 

73371  74001 

75854  76896 

74249  74909 

75457  75500 

73691  74471 

0 

81120  81120 

78500  78500 

78300  78300 

77300  77300 

77100  77100 

75500  75500 

75300  75300 

9 

110  120 

110  167 

110  150 

110  167 

110  150 

110  145 

110  150 

9 

155  155 

167 

150 

167 

150 

167 

150 

880 

880  880 

880  880 

880  880 

880  880 

880  880 

880  880 

40000 

40000  40000 

40000  40000 

40000  40000 

40000  40000 

40000  40000 

40000  40000 

4735 

3660  3640 

3800  3770 

3900  3870 

4080  4010 

3550  3470 

3690  3615 

7 

91564 

86567  86547 

84251  84221 

87004 786974 

84729  84659 

87307787227 

84991  84916 

92000 

89930  89930 

89700  89700 

89930  89930 

89700  89700 

89930  89930 

89700  89700 

95 

95  139 

95  131 

95  139 

95  131 

95  139 

95  131 

139 

139 

13 1 

139 

131 

139 

131 

880 

880 

880 

880 

880 

880 

880 

4805 

4829 

4961 

4808 

4944 

4753 

4889 

62866 

61105 

63338 

60838 

63157 

60240 

62560 

114500 

108750 

108750 

108750 

108750 

108750 

108750 

126 

134 

126 

131 

122 

132 

124 

1595  5 

1930  4 

1810  4 

1755  4 

1645  4 

1921  4 

1802  4 

Afe  =  10 

4. 

One  engine  shut  down. 

ure  payload, 

5. 

Two  engines  shut  down. 

6. 

Total  overload  gross  weight  is  higher 

than 

maximum 

are  feet  to 

7. 

hover  weight. 

Total  overload  gross  weight  is  higher 

than 

design 

t  higher  than 

8. 

gross  weight. 

Missions  are  defined  in  Table  I. 

became  evident  that  the  field  of  contending  rotor  types  should 
be  limited.  The  primary  concentration  was  placed  on  the  artic¬ 
ulated  rotor.  An  exploratory  parametric  study  of  the  hingeless 
semirigid  rotor  was  limited  to  areas  of  risk,  the  weight  incre¬ 
ment,  and  areas  worthy  of  further  study.  The  articulated  rotor 
preliminary  design  study  progressed  as  follows: 

1.  The  following  parameters  were  derived  from  the  rotor 
system  parametric  study: 

a.  Rotor  configuration:  tandem-lift 

b.  Number  of  lift  rotor  heads:  2 

c.  Number  of  antitorque  rotor  heads:  0 

d.  Number  of  blades  per  head:  3 

e.  Rotor  radius:  43  feet 

f.  Blade  chord:  3.5  feet 

g.  Blade  airfoil:  NACA  23012,  constant 

h.  Blade  twist:  -9  degrees 

i.  Rotor  rpm:  155.5  (tip  speed  700  feet  per  second) 

j.  Powerplant-transmission  configuration:  4  engines 
(see  Figure  126) 

2.  Flap  pin  position  and  control  motions  were  determined 
from  stability  and  control  requirements.  The  flap 
pin  is  at  station  12  inches,  or  2.3  percent  of  radius. 
The  total  cyclic-versus-collective  envelope  limits  are 
shown  in  Figure  34. 

3.  Coning  angle  historical  criteria  are  given  in  Table 
XVIII. 

4.  Computer-derived  convergence  of  blade  and  hub  param¬ 
eters  included  the  tuning  of  blade  natural  frequencies 
away  from  operating  frequencies.  The  fiberglass 
plastic  blade  permits  tuning  to  desired  natural  fre¬ 
quencies  because  it  allows  freedom  to  orient  struc¬ 
tural  fibers,  and  thus  to  vary  strength  and  elasticity 
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independently.  The  metal  blade  is  tuned  by  antinodal 
placement  of  masses  on  a  D-spar. 

5.  Stress  levels  were  determined,  and  allowable  loads 
were  mapped  against  expected  loads  for  several  con¬ 
ditions.  The  fiberglass  plastic  blade  provides  a 
considerable  margin  between  blade  loads  and  allow¬ 
ables  for  speeds  up  to  160  knots  in  any  flight  regime 
(see  Figures  72,  73,  and  74).  The  metal  high¬ 
stiffness  blade  has  adequate  load  margins  for  speeds 
up  to  140  knots.  The  metal  low-stiffness  blade  has 
adequate  load  margins  up  to  160  knots,  but  not  as 
large  as  those  of  the  fiberglass  plastic  blade  (see 
Figures  82,  83,  and  84). 

NOTE:  The  contract-mission  maximum  speed  of  130  knots 
is  far  below  the  maximum  performance  of  167  knots 
attainable  in  the  tandem-lift  rotor  transport  or  150 
knots  in  the  crane/personnel  carrier.  Since  the 
technological  disciplines  have  investigated  conditions 
peculiar  to  them,  some  mismatch  of  speeds  appears 
hereafter.  All  of  the  speeds,  however,  fall  within 
5  percent  of,  or  are  greater  than,  the  167-knot  per¬ 
formance  speed  limit  and  they  are  not  to  be  considered 
a  limitation  on  performance.  The  existence  of  con¬ 
siderable  margins  in  these  static  and  dynamic  struc¬ 
tural  analyses  validates  the  adequacy  of  the  designs 
to  meet  the  167-knot  performance  speed. 

6.  Design  layouts  of  blade,  hub,  and  controls  were  made 
consistent  with  the  loads  expected,  blade- folding 
capability,  the  materials  studied,  and  updated  manu¬ 
facturing  methods.  The  stress  margins  are  adequate, 
and  the  bearing  elements  are  designed  for  3600  hours' 
service  life  and  1200  hours  between  major  overhaul. 
Table  IV  summarizes  blade  load  distributions  and 
bearing  life  derived  from  static  and  dynamic  structural 
analysis. 

7.  The  design  weights  were  compared  against  the  trend 
weights  derived  in  the  parametric  study.  A  466-pound 
weight  increase  (A)  was  found.  This  reiteration  of 
the  rotor  system  weight  as  well  as  other  subsystem 
weights  gives  an  aircraft  design  weight  decrement  973 
pounds  below  the  parametric  weight  estimate.  The 
weight-empty  estimate  was  revised  to  39,769  pounds,  to 
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include  the  rotor  design  weight  estimate.  The  weight 
increase  (A)  estimates  for  a  hingeless  semirigid 
system  are  shown  in  Table  XXIV. 

8.  A  reliability  estimate  was  made  of  the  aircraft 
dynamic  system. 

9.  Preliminary  designs  were  conceived  for  two  tandem-lift 
rotor  helicopters:  the  crane/personnel  carrier  and 
the  transport. 

10.  Based  on  the  transport,  a  dynamic  analysis  including 
fuselage  response  to  vibratory  rotor  loads  was  made. 
The  vibration  levels  are  based  on  induced  rotor  loads 
applied  to  fuselage  response  characteristics.  The 
predicted  cockpit  vibration  levels  indicate  a 
proximity  to  existing  pure  helicopter  vibration  data 
scatter  (see  Figure  97) . 

11.  A  dynamic  analysis  of  rotor  stability  was  made.  The 
stall-flutter  analysis  showed  that  stall  flutter 
limits  are  well  beyond  mission  cruise  speeds.  At 
the  maximum-performance  speed  of  165  knots,  moderate 
stall  phenomena  (stall  flutter)  are  expected. 

CONCLUSIONS 


Both  the  tandem-lift  and  the  single-lift/antitorque  rotor 
systems  can  be  made  to  meet  the  necessary  conditions  of 
missions,  flying  qualities,  stability  and  control,  acceptable 
fuselage  response  vibration  levels,  and  inherent  reliability. 
However,  based  upon  findings  of  this  preliminary  design  study, 
the  following  comparisons  can  be  made  of  tandem-lift  and 
single-lift/antitorque  rotor  heavy-lift  helicopters: 

1.  The  weight  empty  of  the  tandem-lift  rotor  helicopter 
is  11-percent  lower  than  that  of  the  single-lift/ 
antitorque  rotor  helicopter:  transport,  42,224 
versus  47,173  pounds?  crane/personnel  carrier, 

39,769  versus  45,949  pounds. 

2.  The  tandem  requires  less  fuel  for  mission  completion 
(refer  to  Table  V) . 
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TABLE  V 

MISSION  FUEL  IN  POUNDS 


Mission 

Tandem- Li ft 
Rotor  System 

Single-Lift/Antitorque 
Rotor  System 

12-Ton  Mission: 

•  Transport 

8750 

9890 

Crane 

9600 

10816 

20-Ton  Mission: 

Transport 

3900 

4670 

Crane 

4020 

4735 

3.  The  tandem  requires  less  shaft  horsepower:  the 
tandem  helicopter  required  transmission  rating  is 

12 , 000  horsepower  for  the  critical  condition  of  hover 
OGE  at  6000  feet,  95°F.  The  single- lift/antitorque 
rotor  helicopter  requires  a  transmission  rating  of 
15,500  shaft  horsepower. 

4.  The  tandem  has  inherent  large  cubage,  with  beam  span 
for  internal  loading  at  no  increase  in  weight  empty. 

5.  The  tandem  has  a  greater  center  of  gravity  range  with 
equal  flapping-hinge  offsets,  and  greater  longitudinal 
control  power. 

6.  The  tandem  has  hover  attitude  control  independent  of 
center  of  gravity  positions.  While  the  dual  longi¬ 
tudinal  control  system  (including  the  hover  attitude 
control  described  in  Figure  47)  is  now  categorized  as 
a  sufficient  condition  for  configuration  selection,  a 
more  refined  analysis  of  helicopter  load-acquisition 
techniques  may  well  indicate  it  to  be  a  necessary  con¬ 
dition  for  a  heavy-lift  helicopter.  The  tandem-lift 
rotor  helicopter  is  unique  in  this  capability. 

7.  The  vibration  level  in  helicopters  is  a  phenomenon 
involving  the  loads  induced  at  the  rotor  heads  and 
the  tuning  of  airframe  frequencies  to  them  as  a 
response.  Neither  configuration  has  essentially 
superior  vibration  characteristics. 
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8.  Using  NASA- Langley  and  USAAVLABS  investigations  as 
guidelines,  Vertol  Division  has  analyzed  the  mission 
of  the  heavy-lift  helicopter  and  has  developed  control 
power  and  sensitivity  requirements  that  exceed  the 
requirements  of  specification  MIL-H-8501A  about  all 
axes.  The  static  stability  provided  will  ensure  a 
more  natural  feel  of  aircraft  motions  and  thus  increase 
pilot  confidence.  For  pilot  comfort,  fuselage  atti¬ 
tude  will  be  controlled  by  longitudinal  cyclic  pitch. 
The  neutral  speed  stability  and  directional  stability 
provided  in  the  tandem- lift  rotor  helicopter,  with 

the  feature  of  dual  longitudinal  control,  makes  it 
the  ideal  load  platform  for  the  spot  hovering  require¬ 
ments  of  the  heavy-lift  mission. 

9.  Except  for  an  additional  requirement  for  yaw  restraint, 
single-point  cargo  suspension  systems  favor  the 
single- lift/anti torque  rotor  helicopter  because  the 
attachment  is  a  direct  shear  point  to  the  stiff  rotor 
frame  and  does  not  create  moments.  For  similar 
reasons,  a  fore  and  aft  multiple-point  suspension 
system  favors  the  tandem- lift  rotor  helicopter. 

Based  on  these  advantages  and  disadvantages,  the  heavy-lift 
helicopter  requirements  would  be  best  met  with  the  tandem-lift 
rotor  system,  with  the  detail  design  features  described  in  the 
paragraphs  which  follow. 

Rotor  Radius  43  Feet 


The  43-foot  blade  radius  results  in  disc  loading  for  which  the 
6000- foot,  95 °F  hover  requirement  is  adequately  met  with  four 
TC43-11  or  T64/S4A  engines.  A  slightly  smaller  blade  radius 
would  be  permissible  with  three  501-M26  or  four  T64/S5A 
engines.  However,  for  the  cabin  length  selected,  there  is  no 
significant  saving  in  gross  weight  for  reducing  radius. 

Constant-Thickness  Blades 


A  universally  applicable  design  of  a  rotor  system  with  constant¬ 
thickness  blades  can  efficiently  fulfill  the  hervy-iift  require¬ 
ments  for  a  variety  of  fuselage  types  and  mission  cruise  speeds. 

Blade  Twist  -9  Degrees 

The  rotor  is  optimized  at  a  blade  twist  of  -9  degrees.  A  blade 


12 


twist  between  -12  and  -9  degrees  can  be  accepted  from  a  per¬ 
formance  point  of  view.  With  respect  to  rotor  stability,  stall 
flutter  limits  are  well  beyond  mission  speed  requirements. 

Using  a  twist  of  -9  degrees  rather  than  -12  degrees  increases 
the  margin  for  allowable  stress  loads  in  both  the  plastic  and 
metal  blades,  and  extends  the  applicability  of  the  metal  blade 
from  a  140-knot  limit  to  the  165-knot  target.  Finally,  a 
twist  of  -9  degrees  would  lower  vibration  levels.  Therefore, 
a  blade  twist  of  -9  degrees  is  recommended. 

Articulated  Rotor 


While  the  hingeless  semirigid  rotor  is  applicable  to  the 
tandem- lift  rotor  system,  it  produces  high  pure  hub- fuselage 
twisting  moments  when  yaw  control  is  applied,  and  this  results, 
to  the  extent  of  this  study,  in  weight  penalties  in  the  rotor 
drive  shaft,  bearings,  and  supports,  and  in  the  airframe. 
Therefore  the  articulated  rotor  is  recommended  for  the  tandem- 
lift  rotor  heavy-lift  helicopter. 

Dual  Longitudinal  Control 

The  dual  longitudinal  control  system  provides  hover  attitude 
control  independent  of  center  of  gravity  with  no  increase  in 
complexity,  and  the  weight  increase  in  the  cockpit  controls  is 
negligible. 

C-Spar  Plastic  Rotor  Blade 

The  C-spar  plastic  rotor  blade  is  best  suited  for  selection  in 
this  study  because  of  its  greater  margin  between  actual  loads 
and  allowable  loads.  The  D-spar  steel  blade,  which  is  a  conven¬ 
tional  design  at  Vertol  Division,  should  also  be  pursued  as  a 
second  selection. 

Helicopter  Concepts 

This  study  developed  the  systems  and  missions  which  can  be  an¬ 
ticipated  at  this  time,  beyond  requirements  of  the  contract  under 
which  the  study  was  conducted.  Artist's  concepts  of  two 
heavy- lift  helicopters  —  the  transport  and  the  crane/personnel 
carrier  —  are  shown  in  Figure  ly  they  use  a  common  rotor- 
propulsion  dynamic  system  with  articulated  rotor  hubs  and  upper 
controls.  Both  are  shown  with  tricycle  landing  gear,  but  a 
quadricycle  gear  can  be  used  on  the  crane/personnel  carrier  if 
full  straddle  mounting  of  external  load  is  required. 
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TANDEM-LIFT  ROTOR  CRANE/PERSONNEL  CARRIER 


15 


Figure  1.  Heavy-Lift  Helicopter  Concept.  (Sheet  2  of  4) 


ARTICULATED  ROTOR  HUB 
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Figure  1.  Heavy-Lift  Helicopter  Concept.  (Sheet  3  of  4) 


ROTOR  SYSTEM  PERFORMANCE  PARAMETRIC  ANALYSIS 


INTRODUCTION 


Objective 

This  section  defines  the  rotor  geometry  for  an  optimized 
heavy-lift  helicopter.  It  describes  the  selection  of  the 
number  of  lifting  rotors  and  the  number  of  rotor  blades,  the 
determination  of  the  blade  geometry,  and  a  general  descrip¬ 
tion  of  the  aircraft  for  which  the  rotor  design  is  selected. 

Basis  for  Optimization 

The  mission  requirements  for  the  aircraft  are  defined  by  the 
contract.  The  rotor  system  to  perform  the  missions  should  be 
derived  from  all  pertinent  factors,  such  as  the  costs  of 
development  and  manufacturing,  operation,  and  training,  the 
development  time  period,  powerplants  available,  aircraft  dynamic 
stability  and  control  considerations,  aircraft  performance  and 
design  flexibility,  acceptable  vibration  levels,  and  safety. 

Two  of  the  most  important  of  these  factors  may  be  associated 
with  the  weight  of  the  aircrafts  manufacturing  costs  with  empty 
weight,  and  operational  costs  with  gross  weight  and  fuel 
weight.  The  remaining  factors  either  are  indeterminate  in  a 
study  of  this  scope  or  may  be  considered  qualitatively  if  they 
are  felt  to  be  significant.  Since  gross  weight  includes  the 
effects  of  changes  in  fuel  weight  and  empty  weight,  it  is  used 
in  this  study  as  the  primary  optimization  index.  That  is,  the 
aircraft  is  considered  to  be  optimized  when  it  performs  the 
required  missions  at  a  minimum  gross  weight. 

PROCEDURE 

In  order  to  ensure  adequate  cargo  size  capability,  a  cubage 
analysis  was  conducted  first,  and  the  minimum  cabin  dimensions 
determined  from  it  were  used  throughout  the  parametric  study. 

The  parametric  study  was  conducted  by  the  use  of  a  parametric 
weights  and  performance  computer  program.  The  computer  pro¬ 
gram  calculates  hover  and  cruise  performance  to  define  the 
mission  power  and  fuel  requirements,  and  it  uses  generalized 
group  weight  trend  data  to  determine  the  empty  weight  for  any 
given  rotor  geometry.  By  varying  the  rotor  geometry  input, 
variations  in  empty  weight,  mission  fuel  weight,  and  mission 
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gross  weight  were  determined.  The  effect  of  each  geometric 
variable  on  configuration  weight  established  a  basis  for  op¬ 
timization.  The  primary,  or  independent,  variables  considered 
were: 

1.  Number  of  rotors 

2.  Blade  radius 

3.  Number  of  blades 

4.  Mean  blade  lift  coefficient  for  hover 

* 

5.  Tip  speed 

6.  Blade  twist 

7.  Airfoil  section 

The  secondary,  or  dependent,  variables  result  from  the  choice 
of  the  primary  variables: 

1.  Parasite  drag  area  {calculated  by  the  parametric 
computer  program) 

2.  Blade  chord  (calculated  by  the  parametric  computer 
program) 

3.  Engine  model  (selected  from  review  of  power  require¬ 
ments  calculated  by  the  parametric  computer  program) 

A  parametric  study  conducted  with  rubberized  engine  character¬ 
istics  resulted  in  a  tentative  selection  of  rotor  geometry 
and  power  requirements  which  permitted  the  selection  of  actual 

•  powerplant  combinations.  The  weights  and  performance  were 
then  recalculated  for  engine  characteristics,  and  the  tentative 
rotor  selection  was  confirmed.  The  optimization  process  con¬ 
sidered  both  the  12-ton  transport  mission  (which  was  critical 

*  with  respect  to  rotor  geometry)  and  the  20- ton  heavy -lift 
mission  (which  was  critical  with  respect  to  transmission  power 
capabilities  and  design  gross  weight) .  The  ferry  mission  was 
not  critical,  and  ferry  performance  was  calculated  for  the 
optimized  configurations  to  indicate  the  margin  of  capability 
over  the  requirement. 

A  parametric  study  was  conducted  for  both  a  tandem- lift  rotor 
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system  and  a  single- lift/anti torque  rotor  system.  A  selection 
was  made,  then,  between  these  optimized  types,  and  the  rotor 
system  geometry  for  the  tandem- lift  configuration  was  chosen 
for  the  preliminary  design  portion  of  the  study. 

BASIC  DATA 


Mission  Requirements 

'  -  —  -  -  --  -  * 

The  contract  mission  requirements  listed  in  Table  I  are  inter¬ 
preted  in  Figures  6  and  7. 

General  Aircraft  Characteristics  • 

1.  Turbine- powered 

2.  Safe  autorotation  at  design  gross  weight 

3.  Design  load  factor  2.5  at  design  gross  weight 

4.  Crew  minimum  of  one  pilot,  one  copilot,  and  one  crew 
chief.  All  studies  have  included  a  load  master  as 
well. 

5.  All  components  designed  for  1200  hours  between  major 
overhaul  and  3600  hours’  service  life. 

Vehicle  Description 

Two  heavy- lift  helicopter  fuselage  versions  each  were  considered 
for  the  tandem- lift  rotor  system  and  the  single- lift/antitorque 
rotor  system. 

1.  The  transport  (see  Figures  2  and  3)  can  carry  vehi¬ 
cles,  cargo,  or  personnel  internally.  A  five-winch  * 

system  permits  external  loads  to  be  carried. 

2.  The  crane/personnel  carrier  (see  Figures  4  and  5)  is 

designed  to  carry  personnel  and  small  cargo  units  * 

internally,  and  the  landing  gear  design  will  permit 
partial  straddle  pickup. 

The  transport  fuselage  was  used  for  the  parametric  study  and 
the  application  of  the  resulting  rotor  system  to  the  crane/ 
personnel  carrier  was  established  by  additional  mission  calcu¬ 
lations  and  weight  estimates. 
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ROTOR  DATA 


ROTOR  DIA _ 86-0 

NO.  OF  BLADE^/n&IDR _ 3 

BLADE  CHORD _ 3-5 

BLADE  AllfroiL  S£CflON_NACA?30l2 
DISTANCE  BETWEEN  ffcWC  Cl»__59-5 
(faToR  SPEED  (noRWAL  ftWEK)— 155-5  RPM 


r/AiiAwi 


m 

ink 


'ii' 


lnl 


li\ 


:i 


ROTOR  DATA. 

main  Rotor  dia _ Dfe-o* 

no.  orJtADfs  wt  tarro* _ 5 . 

TAi L  R016R  DIA. _ 25-0* 

NO.  3r  BLADfi  Pf?  <?0T0<. _ 2. 

DISTANCE  BfTWfiN  ROfeR* _ 61 V. 


/O 


2# 

sri 


ROTOR  DATA. 

WbTOR  DIA _ 86 

NO.  Of  BLADE$/RbT£*C _ 3 

fttAOB  CHORD _ 3'S 


CiArf  airfoil  section _ NACA230I2 

DISTANCE  86-WCEN  fbrt&R  CR S _ 59-5 

RtfTOfZ  5PECD  (Ho^y.Ht  few  r*)_  155-5  frttl. 


Transport  Mission 


\~ - 100  Nautical  Miles- 

Hover  3  Minutes 

at  6000  Feet,  95°F 

12  Tons  Outbound 
V',r  \  at  110  Knots 


Hover  2  Minutes  with 
Load  at  Sea  Level 
Standard 


0  Tons  Inbound 
at  130  Knots 


Heavy-Lift  Mission 


Hover  10  Minutes 
with  Load  at  Sea 
Level  Standard 

0  Tons  Inbound 
at  130  Knots 


Ferry  Mission 


Best  Speed . 
and  Altitude 
for  Range 


Figure  6.  Specification  Missions. 
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(l)  With  full  payload  and  fuel  have  OGE  hover  capability 

(5)  Prov\de  fuel  for  warmup  and  climb  per  MIL-C-5011A 

(§)  Hover  initially  for  (C)  minutes 

(?)  Fly  at  speed  (D) ,  altitude  (E) ,  and  temperature  (F) 
during  mission  range  out,  with  provision  for  outbound 
external  cargo  drag 

(§)  Hover  at  mission  midpoint  with  cargo,  for  (G)  minutes 

(0  Unload  cargo  outbound  and  load  cargo  inbound,  with 
provision  for  inbound  external  cargo  drag 

(7)  Fly  at  speed  (H) ,  altitude  (J) ,  and  temperature  (K) 
during  mission  range  in  (not  necessarily  equal  to 
mission  range  out) 

(|)  Have  10  percent  of  initial  fuel  as  reserve 

($)  Increase  fuel  flow  5  percent  per  MIL-C-5011A 


Figure  7.  Analysis  of  Typical  Mission. 
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Engine  Data 


The  engine  data  given  in  Table  VI  were  used  throughout  the 
study.  These  data  were  obtained  from  specifications  and  bro¬ 
chures.  No  attempt  has  been  made  at  this  stage  to  judge  the 
engine's  prospects  for  full  development. 

Installed  engines  are  rubberized  on  the  basis  of  a  presently 
available  engine  with  growth  potential.  The  installed  weight 
and  specific  fuel  consumption  are  based  on  a  present  model  at 
its  current  power  rating;  logical  growth  trend  curves  are  used 
to  extrapolate  the  engine  weight  and  specific  fuel  consumption 
to  values  required  by  any  specific  configuration. 

Rubberized  engine  characteristics  based  upon  the  LTC4B-11  engine 
were  used  throughout  the  optimization.  Actual  engine  character¬ 
istics  for  several  engine  combinations  were  then  used  to  calcu¬ 
late  the  final  weights  and  performance. 

PARAMETRIC  WEIGHTS  AND  PERFORMANCE  COMPUTER  PROGRAM 


The  parametric  analysis  computer  program  iterates  to  a  mutually 
consistent  set  of  component  weights  and  drags,  power  required, 
blade  chord,  and  mission  fuel  for  a  given  set  of  independent 
geometric  variables  and  a  given  mission.  The  cargo  compart¬ 
ment  dimensions  derived  from  the  cubage  analysis  defined  the 
lower  limit  for  sizing  the  fuselage.  In  this  indirect  way, 
the  lower  limit  of  rotor  radius  was  determined  for  a  given  tip 
overlap  and  the  initial  conditions  were  established  for  iter- 
ational  sequences  of  the  performance  computer  program.  Air¬ 
craft  trim,  cruise  and  hover  power  required,  and  fuel  flow  are 
computed  directly  for  the  mission  and  integrated  to  yield 
missxon  fuel  weights  so  that  the  computer  output  reflects  all 
the  imposed  criteria,  and  changes  in  input  can  be  compared  on 
an  overall  basis. 

Program  Flow 

The  basic  units  and  flow  diagram  of  the  parametric  computer 
program  are  shown  in  Figure  8.  From  the  input  values,  which 
include  an  initial  approximation  of  design  gross  weight,  the 
helicopter  geometry  can  be  defined,  and  the  fuel,  power,  blade 
chord,  weight  empty,  and  drag  can  be  computed. 

From  the  initial  approximations  of  design  gross  weight  and 
mission  fuel,  a  weight  empty  and  a  design  gross  weight  are 
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059A,  21  Sept.  1964 


Figure  8.  Configuration  Analysis  Flow  Chart 


calculated.  The  hover  criterion  is  then  satisfied  and  the 
blade  chord  is  determined  by  the  solidity  required.  A  new 
gross  weight  is  now  calculated,  consistent  with  the  hover 
criterion.  This  process  is  repeated  until  the  initial  and 
final  design  weights  are  identical. 

Fuselage  attitude  and  blade  stall  are  checked  on  the  two 
forward- flight  portions  of  the  mission:  at  the  start  of  the 
mission,  and  at  midpoint  just  before  the  inbound  portion.  If 
fuselage  attitude  is  outside  the  boundaries,  cyclic  pitch  is 
added;  if  retreating  blade  stall  is  encountered,  chord  is 
added.  When  both  criteria  have  been  met,  a  new  weight  empty 
is  computed,  the  computation  is  made  for  mission  fuel,  and  a 
new  design  gross  weight  results.  This  weight  is  compared  with 
that  calculated  from  the  hover  criterion,  and  the  computation 
is  repeated  until  convergence  occurs. 

When  overall  convergence  is  achieved,  the  computation  is  car¬ 
ried  through  all  the  checks  on  imposed  criteria.  The  final 
numbers  will  therefore  be  consistent  with  the  imposed  criteria; 
also,  design  gross  weight,  weight  empty,  chord,  installed 
power,  and  fuel  for  the  mission  will  be  compatible. 

Drag  Trends 

The  helicopter  total  parasite  drag  is  calculated  by  use  of  the 
specified  dimensions  and  component  drag  trend  data.  The  drag 
trends  are  established  from  existing  helicopters  for  the  follow¬ 
ing  drag  components:  fuselage,  pylons,  landing  gear,  hubs, 
engine  installation,  roughness  and  leakage,  miscellaneous,  and 
external  payload  drag. 

Weight  Trends 

Component  weights  have  been  derived  from  Vertol-developed 
weight  trends,  statistical  data  on  existing  aircraft,  prelimi¬ 
nary  design  layouts,  and  from  vendors.  The  components  con¬ 
sidered  in  the  parametric  study  are:  rotor  group  (see  Figure 
9),  body  group,  flight  controls,  powerplant,  drive  system  (see 
Figure  10)  ,  landing  gear,  fixed  equipment,  fixed  useful  load, 
variable  useful  load,  and  fuel  tanks.  By  adding  the  mission 
fuel  and  payload  to  the  above  items,  the  mission  gross  weight 
is  obtained.  The  WEIGHTS  section  of  this  report  outlines  the 
parameters  used  for  estimating  weights. 
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Hover  Power  Required 


The  hover  criterion  and  fuel  flow  in  hover  were  calculated  by 
using  a  hover-analysis  electronic  data  processing  program.  The 
profile  and  induced  powers  are  computed  separately  and  the 
induced  portion  is  corrected  for  the  nonuniform  inflow  and  over¬ 
lap  applicable  to  each  configuration.  Download  is  represented 
as  a  ratio  of  thrust  to  gross  weight  and  is  computed  internally? 
the  size  of  the  fuselage  and  an  average  drag  coefficient  are 
used  as  variables. 

Forward  Flight  Trim  and  Power  Required 

The  power- required  analysis  was  used  to  predict  fuel  required 
and  blade  stall  in  forward  flight.  Trim  and  control  positions 
are  derived  using  the  Wheatly-Bailey  equations  for  rotor  thrust, 
horizontal  force,  and  blade  motion.  When  the  helicopter  is  in 
trim,  power  is  computed  with  corrections  for  overlap,  compres¬ 
sibility,  stall,  and  reverse  flow. 

MISSION  CARGO  CUBAGE  ANALYSIS 


Since  the  contract  missions  did  not  define  cubage,  Vertol 
Division  has  initiated  a  mission  cargo  cubage  analysis  program 
to  identify  the  number,  size,  and  weight  of  all  equipment 
organic  to  Army  units  and  combinations  of  units.  The  program 
optimizes  the  distribution  of  the  equipment  by  net  weight, 
cross-country  weight,  or  highway  weight,  and  distribution  of 
length,  width,  height,  and  reduced  height.  The  analysis  pro¬ 
vided  the  data  required  to  determine  the  size  of  the  cargo 
compartment  for  the  transport  —  540  inches  long,  144  inches 
wide,  and  108  inches  high  —  and  the  equivalent  ground- to- 
fuselage  clearances  necessary  for  the  crane/personnel  carrier. 

Tables  VII  and  VIII  summarize  some  of  the  computer  program 
output.  Table  IX  shows  the  distribution  of  the  ROAD  division's 
engineer  equipment  by  net  weight.  As  can  be  seen,  a  12-  to  20- 
ton  payload  helicopter  has  a  significant  capability  to  move 
divisional  equipment  from  ships  offshore,  across  obstacles,  or 
from  airheads  to  the  combat  area.  Table  VII  shows  the  percent¬ 
age  of  equipment  air  transportable  when  the  equipment's  dimen¬ 
sions  are  considered.  Table  VIII  shows  the  percent  of  equip¬ 
ment  within  a  given  net  weight  that  will  fit  within  the 
dimensions  chosen  by  Vertol  Division  for  a  heavy-lift  helicop¬ 
ter:  540  inches  long,  144  inches  wide,  and  108  inches  high. 
Table  VIII  shows  that,  with  a  payload  of  12  tons  and  the  cargo 
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Figure  9.  Rotor  Group  Weight  Trend 


Drive  System  Weight  in  Pounds 


0  ,  10  100  1000 


where 


Kd=  f  (HP  ,  N  ) 
u  x  r 


HPX  is  Transmission  Design  Horsepower 
Nr  is  Rotor  Hover  RPM 
K  is  Drive  System  Weight  Factor 
A  is  Multiplying  Constant  for  Standard  Trend 
B  is  Multiplying  Constant  for  Advanced 
Technology  Trend 

y  is  Exponential  Power  Factor  for  K 


Figure  10.  Drive  System  Weight  Trend. 
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TABLE  IX 

ENGINEER  EQUIPMENT 


Item  Weight 
_ ( tons) 

Dump  truck,  2*5  ton  WWN  7.80 
Air  compressor,  210  CPM  8.20 
Roller,  gas  driven  10.10 
Bridge,  fixed,  highway,  aluminum  38  ft  10.75 
Bituminous  distributor,  800  gal  11.00 
Dump  truck,  5- ton  WWN  11.30 
Crane  shovel,  20  tons,  3/4  Yd^  13.60 
Grader,  road  motorized  13.60 
AVLB  bridge,  CL  60  14.30 
Loader,  scoop  type,  2*s  YdJ  14.80 
Universal  engineer  tractor  14.00 


TABLE  X 

AIR-TRANSPORTABILITY  OF  MISSILE  SYSTEMS 


Missile 

System 

Heaviest  Item  of 

Equipment 

Weight. 

(tons) 

Hawk 

M3 6  Truck  cargo 

6.9 

Sergeant 

M52  Truck  tractor 

9.2 

Lance 

Transporter  -  Loader 

11.5 

Pershing 

Transporter  -  Launcher 

12.0 

Mauler* 

Transporter  -  Launcher 

15.0+ 

♦Since  the  Mauler  system  is  still  in  development, 

the  exact 

weight  of  equipment  has  not  been  set. 

TABLE  XI 

HIGH-PRIORITY  EQUIPMENT 

Equipment 

Weight 

(tons) 

CH-47* 

9.150 

OV-1* 

5.497 

CV-2* 

11.275 

Pershing  missile 

5.000 

F-105  D 

14.000 

F-4B 

14.000 

F-5A 

3.980 

F-lll 

21.000 

♦Empty  weight  + 

fixed  useful  load  (weight  of  crew) 
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compartment  size  described,  the  heavy- lift  helicopter  can  carry 
91.38  percent  of  the  infantry  division's  organic  equipment 
items;  these  items  represent  58.9  percent  of  the  total  net 
weight  of  the  infantry  division's  organic  equipment;  payload 
capabilities  for  the  airborne,  mechanized,  and  armored  divi¬ 
sions  are  shown  as  well. 

By  comparing  Tables  VII  and  VIII,  it  can  also  be  seen  that  the 
percentage  of  equipment  transportable  changes  only  slightly 
when  a  dimension  change  is  made,  which  indicates  that  the  size 
chosen  for  the  cargo  compartment  is  satisfactory. 

Tab  runa  from  Vertol  Division's  Tactical  Loads  Computer  Pro¬ 
gram  (on  which  Tables  VII  and  VIII  are  based)  show  the  equip¬ 
ment  items  weighing  500  pounds  or  more  organic  to  an  infantry 
battalion  of  an  infantry  division,  and  the  distribution  of 
this  equipment  is  shown  by  net  weight.  There  is  similar  data 
for  all  ROAD  divisions  and  the  air  assault  division,  sorted  by 
division  and  by  battalion.  Other  distributions  are  made  by 
cross-country  weight,  length,  width,  height,  and  reduced  height; 
they  include  all  equipment,  and  equipment  weighing  500  pounds 
or  more. 

Table  IX  shows  some  of  the  engineer  equipment  to  be  moved  to 
repair,  construct  or  maintain  roads,  airfields,  railroads, 
seaports,  and  pipelines  on  bridges.  As  can  be  seen  in  Table 
IX,  most  of  the  required  engineer  equipment  is  too  heavy  for 
today's  existing  helicopters. 

Tables  X  and  XI  pertain  to  a  mission  for  movement  of  high- 
priority  loads  such  as  aircraft,  missiles,  or  missile  systems. 

A  mission  for  movement  of  specialized  pods,  such  as  maintenance, 
hospital  and  command  pods,  does  not  necessarily  affect  the  de¬ 
sign  of  a  heavy-lift  helicopter,  since  today's  pods  are  restrict¬ 
ed  to  today's  payloads  and  cargo  compartment  dimensions.  A 
helicopter  designed  for  high  payload  would  allow  heavier  pods. 

OPTIMIZATION  OF  TANDEM-LIFT  ROTOR  SYSTEM 

--  ■  ■  --  -  '  '  '  .  t 

Iterations  for  Transport  Mission 

The  transport  mission  with  a  12- ton  payload  and  a  6000- foot, 

95 °F  hover  requirement  is  the  critical  mission  with  regard  to 
installed  power  and  rotor  radius.  Therefore,  the  transport 
mission  was  analyzed  first.  Figure  11  illustrates  the  results 
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Rotor  Radius  in  Feet 
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of  the  computer  program's  initial  iterations  for  the  transport 
mission.  It  shows  the  trends  of  gross  weight,  basic  weight, 
fuel  weight,  and  installed  power  required  at  6000  feet,  95°F, 
with  variations  in  rotor  radius,  tip  speed,  blade  twist,  and 
mean  blade-lift  coefficient.  It  is  seen  that  for  minimizing 
power  required,  takeoff  weight,  basic  weight,  and  fuel  weight, 
rotor  radii  of  40  to  45  feet  and  a  tip  speed  of  about  700  feet 
per  second  are  indicated.  Blade  twist  and  mean  lift  coeffi¬ 
cient  do  not  affect  the  weight  or  power  very  much.  The  drive 
system  was  sized  and  weighed  to  absorb  the  sea  level  standard 
day  installed  power  necessary  to  produce  the  power  required  at 
6000  feet,  95°F. 

(The  data  shown  on  Figure  11  should  be  used  to  evaluate  trends 
only.  The  derived  values  or  dependent  variables  are  based  on 
a  full-rated  drive  system  and  on  the  normal-construction  weight 
trends  which  were  used  in  the  beginning  of  this  study  while 
weight  trends  reflecting  advanced  materials  and  design  tech¬ 
niques  were  being  completed.) 

A  mean  blade-lift  coefficient  of  0.60  was  selected.  This  value 
is  conservative  to  ensure  adequate  hovering  control.  Somewhat 
lower  weights  would  result  from  a  higher  design  5L,  but  with  a 
risk  of  deteriorating  hover  control,  and  the  smaller  blade  area 
would  increase  the  difficulty  of  obtaining  a  power-limited 
maximum  speed  free  of  blade  stall.  No  decision  on  blade  twist 
was  made  at  this  point,  although  -9  degrees  was  chosen  to  be 
carried  through  the  next  iteration. 

A  second  iterational  analysis  was  conducted,  as  shown  in 
Figure  12.  At  this  point,  the  advanced-construction  weight 
trends  were  used.  For  comparison,  the  normal-construction 
weight  trends  are  also  shown.  A  radius  of  40  to  45  feet  and  a 
tip  speed  of  700  feet  per  second  are  again  indicated.  In  order 
to  apply  further  empty  weight  and  flat-plate-area  corrections 
to  the  results  shown,  a  series  of  correction  curves  for  them 
is  also  indicated. 

Analysis  of  Heaw-Lift  Mission  and  Integration  of  Mission 
Weights 

The  heavy- lift  (20- ton)  mission  was  next  analyzed  for  40-  and 
45- foot  blade  radii  (see  Figure  13).  Blade  radius  and  the 
group  weights  required  for  the  heavy-lift  (20-ton)  mission 
were  compared  with  those  for  the  transport  (12-ton)  mission. 

The  heaviest  group  weight  required  of  either  mission  was  used. 
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and  the  total  of  these  weights  results  in  the  integrated 
mission  weights.  Table  XZI  describes  the  integration  of 
weights.  Exceptions  to  taking  the  heaviest  of  the  transport 
and  heavy-lift  mission  weights  were  those  weights  that  were 
based  on  installed,  rather  than  actual,  power  requirements. 

Although  installed  power  gives  a  measure  of  growth  potential, 
optimization  for  the  missions  dictates  the  use  of  actual  hover 
power  requirements.  The  transport  mission  analysis  overdesigned 
the  drive  system  to  absorb  the  sea  level  engine  power  rating 
corresponding  to  the  6000- foot,  95°F,  power  requirement.  The 
transport  mission  was  then  recalculated  for  both  radii  with 
integrated  weights.  Figure  14  illustrates  this  for  the  tandem. 

0 

Rotor  Radius 

Figure  12  indicates  that  the  trend  of  gross  weight  with  radius 
is  very  flat  between  40  and  45  feet.  The  radius  was  therefore 
selected  to  minimize  the  power  required;  the  blade  tip  clear¬ 
ance  required  by  the  fixed  distance  between  rotors  was  kept  in 
mind.  A  33-percent  maximum  overlap  has  historically  been 
found  to  ensure  good  blade  clearance  for  a  three-bladed  rotor; 
this  would  indicate  a  maximum  blade  radius  of  43  feet.  The 
43-foot  radius  has  a  low  enough  value  of  hover  power  required 
that  four  T55-Ir-ll  or  T64/S4A  engines  may  be  used  (see  Figure 
15) .  A  reduction  in  blade  radius  would  be  permissible  with 
three  501-M26  engines  (to  41  feet) ,  or  four  T64/S5  engines 
(to  36.5  feet),  but  there  would  be  no  significant  weight 
saving,  and  the  reduction  in  size  is  not  enough  compensation 
for  the  loss  of  flexibility  and  growth  potential  available 
with  a  43-foot  rotor. 

Tip  Speed 

The  tip  speed  of  700  feet  per  second  and  resulting  solidity 

of  0.0777  for  the  selected  design  CL  of  0.6  were  chosen  to  » 

minimize  the  gross  weight  and  hover  power  required  (see 

Figure  16).  Also,  700  feet  per  second  is  a  desirable  tip 

speed  to  provide  a  maximum  speed  potential  of  about  180  knots 

(for  an  assumed  low  drag  configuration)  with  the  power,  stall,  » 

and  compressibility  limit  speeds  all  well  matched  (see  Figure 

17). 

Number  of  Blades 

The  number  of  blades  (three)  and  the  blade  chord  (3.5  feet) 
were  chosen  for  minimum  gross  weight.  A  four-bladed  rotor 
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NOTES  t 

1.  Tandem-lift  rotor  transport?  advanced  airframe 
construction  unless  noted  otherwise?  12- ton 
mission 

2.  Cargo  compartment  144  inches  wide,  108  inches 
high,  540  inches  long 

3.  Four  engines 

4.  Three-bladed  rotor?  et  =  -9  degrees,  CL  =  0.6 

5.  Tip  speeds  in  feet  per  second  (700  unless  noted 
otherwise)  s 

O  =  600 
V  =  700 

v  *  700  (normal  airframe  construction) 

□  =  800 

6.  30- foot  rotor  radius s 

4046  shaft  horsepower  per  engine 
5. 61- foot  chord 
80,224  pound  takeoff  weight 
47,483  pound  basic  weight 
8742  pound  fuel  weight 

7.  40- foot  rotor  radius: 

3033  shaft  horsepower  per  engine 
4. 03- foot  chord 
79,694  pound  takeoff  weight 
47,478  pound  basic  weight 
8216  pound  fuel  weight 

8.  50- foot  rotor  radius: 

2702  shaft  horsepower  per  engine 
3.33-foot  chord 
83,596  pound  takeoff  weight 
51,287  pound  basic  weight 
8309  pound  fuel  weight 


Rotor  Radius  in  Fe 


(Refer  to 
Notes  1  through  Ip 


Figure  12. 


Second  Iteration  of  Transport  Mission. 
(Sheet  1  of  2) 
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1  through  5) 


A  Weight  in  Pounds 
(Refer  to  Notes  1  through  8) 


Percent  Overlap  Fuel  Weight  in  Pounds  Aircraft  Weight  in  Pounds 


(Refer  to  Notes  1  through  8  on  Sheet  1) 


A  fe 


(Refer  to  Notes  1 
through  5  on  Sheet  1) 


f  Transport  Mission. 


Rotor  Radius  =  40  feet  Rotor  Radius  =  45  feet 
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Figure  14.  12-Ton  Mission  Weight  and  Performance  Study  for 
Tandem- Lift  Rotor  Helicopter. 
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Aircraft  Weight  -  Pounds  _  Power  Require 


30  40  50 


NOTES : 

1.  =  700  feet  oer  second 

2.  =  -9  degrees 

3 •  =  0 • 6  0 

4.  Cargo  compartment  144  inches 
wide,  108  inches  high,  540 
inches  long 

5.  #  =  selected  geometry 


Rotor  Radius  in  Feet 


Figure  15.  Selection  of  Blade  Radius  and  Engine  Combina¬ 
tions, 
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600  700  800 

Tip  Speed  (Vfc) 

-  feet  per  second 


NOTES : 

1.  Cargo  compartment  144  inches  wide, 

108  inches  high,  540  inches  long 

2.  Rotor  radius  =  43  feet 

3.  Twist  (8^)  =  -9  degrees 

4.  Assume  tip  speed  =  700  feet  per  second 
to  select  CL 

5.  Assume  =  0.6  to  select  tip  speed 

6.  •  -  selected  geometry 

Figure  16.  Selection  of  Design  CL,  Tip  Speed,  and 
Solidity. 


55 


Forward  Speed  in  Knots 


Tip  Speed  in  Feet  per  Second  (Vfc) 


NOTES : 

1.  Gross  weight  =  75,000  pounds 

2.  Altitude  =  2500  feet 


Figure  17.  Effect  of  Tip  Speed  on  Speed  Limitations 
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Power  Required  at 

Aircraft  Weight  -  Pounds  Rotor  Chord  -  Feet  6000  feet,  95°F 


12,000 


11,000 


10,000 

4.0 

3.0 

2.0 

1.0 

0 

100,000 


80,000 


60,000 


40,000 

3  4  5  6-6-8  -10  -12 

Number  of  Blades  Blade  Twist  (6t)  in  Degrees 

(Refer  to  Note  6)  {Refer  to  Notg  7)  ' 

NOTES : 

1.  Cargo  compartment  144  inches  wide,  108 
inches  high,  540  inches  long 

2.  Distance  between  rotors  increased  as 
required  for  blade  clearance 

3.  Rotor  radius  =43  feet 

4.  Tip  speed  =  700  feet  per  second 

5.  Solidity  =  0.0777 

6.  To  select  number  of  blades, 
assume  twist  (®t)  =  degrees 

7.  To  select  twist,  assume  three  blades 

8.  #  =  selected  geometry 

Figure  18.  Selection  of  Number  of  Blades,  Chord,  and  Twist. 
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system  requires  a  gross  weight  approximately  3000  pounds 
heavier:  2000  pounds  for  the  severe  static-droop  weight 

penalty  of  the  higher  aspect-ratio  blades,  and  1000  pounds 
for  the  increase  in  fuselage  length  to  provide  intermeshing 
blade  clearance.  Five  or  six  blades  would  increase  these 
weights  even  more  (see  Figure  18)  . 

A  brief  dynamics  study  showed  that  four  blades  would  produce 
lower  rotor  vibratory  forces  than  three  blades.  However, 
response  characteristics  considered  in  design  of  the  fuselage 
would  minimize  the  response  levels  of  any  desired  frequency, 
and  the  net  benefit  in  vibration  level  of  a  four-bladed  system 
would  not  compensate  for  the  3000-pound  weight  penalty.  Proven 
devices  to  reduce  vibration  are  available. 

Airfoil  Section 


The  constant  spanwise  thickness  distribution  and  NACA  23012 
airfoil  section  were  selected  for  ease  of  manufacture  and 
quick  development  time,  and  for  inherent  droop-stiffness  and 
blade-stall  characteristics. 

Blade  Twist 

A  blade  twist  of  -12  degrees  was  originally  selected  to  prevent 
blade  stall  at  the  potential  180-knot  Vmax  of  a  cleaned-up 
configuration  with  retracted  landing  gear  (see  Figure  19) . 

In  addition,  the  hovering  performance  is  somewhat  improved  over 
that  obtainable  with  lesser  amounts  of  twist  (see  Figure  18) . 
Much  of  the  rotor  design  study  was  conducted  using  this 
original  value  of  -12  degrees.  A  review  of  blade  twist  was 
subsequently  conducted,  however,  and  the  results  indicate  that 
a  value  of  -9  degrees  is  acceptable  from  a  performance  stand¬ 
point,  and  may  be  more  desirable  from  a  stress  standpoint. 

The  originally  selected  value  of  -12  degrees  would  still  be 
desirable  from  a  performance  standpoint,  but  all  the  mission 
requirements  will  be  met  with  a  twist  of  -9  degrees,  and  a 
power-limited  forward  speed  of  163  knots  can  be  obtained  with¬ 
out  exceeding  rotor  aerodynamic  limits  and  with  no  increase 
in  blade  area. 

The  initial  selection  of  a  twist  of  -12  degrees  was  based  on  a 
relatively  simple  analysis  of  a  streamlined  growth  configura¬ 
tion  with  retractable  landing  gear,  for  which  the  angle  of 
attack  at  the  retreating  blade  tip  was  kept  below  the  stall 
value  (see  Figure  19)  at  the  power-limited  forward  speed. 
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Forward  Speed  in  Knots 
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Figure  20.  Effect  of  Blade  Twist  on  Hover  Performance  of 
the  Tandem-Lift  Rotor  Transport. 


This  selection  was  to  be  reviewed  for  the  rotor  design  phase, 
especially  with  regard  to  the  structural  and  dynamic  effects. 
The  aerodynamic  effects  have  also  been  reviewed  with  more 
advanced  theoretical  considerations?  the  effect  of  twist  on 
hover  performance  and  blade  stall  was  considered. 

Effect  of  Blade  Twist  on  Hover  Performance 


The  hover  performance  was  compared  at  the  6000-foot,  95°F 
gross  weight  for  the  transport  mission.  Figure  20  shows  the 
effect  of  twist  on  the  transport's  maximum  hover  gross  weight 
at  6000  feet,  95°F,  for  both  the  T55-L-11  and  T64/S4  engines; 
takeoff  gross  weight  is  also  shown  for  each  engine  installa¬ 
tion.  The  hover  performance  margin  increases  with  blade  twist 
from  500  pounds  at  -6  degrees  with  T64/S4  engines  to  3500 
pounds  at  -12  degrees  with  T55-L-11  engines.  On  this  basis 
alone,  it  would  be  obviously  desirable  to  design  the  blade  for 
-12  degrees  or  even  more. 

Effect  of  Blade  Twist  on  Blade  Stall 

The  conditions  at  which  the  rotor  aerodynamic  speed  limit 
(blade  stall)  was  investigated  were  based  upon  the  Vertol- 
imposed  requirement  that  the  aircraft  be  free  of  rotor  aero¬ 
dynamic  limits  at  all  speeds  less  than  normal- rated-power 
vmax  at  tlle  following  conditions: 

1.  Hover  gross  weight  (6000  feet,  95°F)  at  an 
altitude  of  5000  feet,  standard  conditions. 

This  is  the  12-ton  mission  weight. 

2.  Design  gross  weight  at  sea  level  standard  con¬ 
ditions.  This  is  the  20-ton  mission  weight. 

This  requirement  that  the  aircraft  reach  power  limit  before 
rotor  aerodynamic  limit  is  appropriate  for  the  heavy-lift 
helicopter  because  it  provides  some  measure  of  power-limited 
speed  capability  without  compromising  the  mission  hover 
requirements. 

The  local  blade  angle  of  attack  was  computed  using  Vertol  Divi 
sion  EDP  programs,  and  contour  plots  (Figure  21)  were  con¬ 
structed.  For  comparison,  the  CH-47  contour  map  (Figure  22) 
shows  an  acceptable  flight  condition  demonstrated  in  flight 
test.  The  crosshatched  areas  on  each  plot  indicate  possible 
stalled  areas:  angles  above  14  degrees  for  the  Chinook 
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symmetrical  airfoil  (NACA  0012)  ,  and  angles  above  16  degrees 
for  the  heavy-lift  helicopter  drooped  airfoil  (NACA  23012) . 

It  can  be  seen  that  as  the  twist  increases,  the  stalled  areas 
diminish  in  severity.  At  the  twist  of  -10  degrees,  the  heavy- 
lift  helicopter  rotor  has  approximately  the  same  character  as 
the  acceptable  Chinook  rotor  condition. 

Figure  23  shows  the  rotor  angle-of-attack  contour  for  the 
heavy-lift  helicopter  at  the  design  gross  weight  of  87,000 
pounds  and  a  speed  of  165  knots  at  sea  level,  which  is  in 
excess  of  the  normal-rated-power  speed  of  163  knots.  At  the 
twist  of  -10  degrees  shown,  the  stalled  area  is  less  severe 
at  design  gross  weight  than  at  75,700  pounds,  5000  feet,  170 
knots.  * 

Vertol  Division  has  recently  established  a  criterion  for  rotor 
aerodynamic  limits  based  upon  Chinook  flight  test  data  and  has 
presented  it  in  the  form  of  Ct/o  versus  m.  This  is  shown  in 
Figure  24.  The  projected  limit  line  for  the  heavy-lift  heli¬ 
copter  is  extrapolated  from  the  Chinook  data,  accounting  for 
droop  airfoil  section,  and  propulsive- force  and  tip-speed 
differences.  Th'_  points  shown  represent  the  heavy-lift  heli¬ 
copter  Vmax  conditions  at  normal  rated  power  and  the  Chinook 
condition  depicted  in  Figure  22.  All  these  conditions  are 
within  the  aforementioned  rotor  aerodynamic  limits.  Since  the 
Chinook  rotor  blade  with  which  the  test  points  were  obtained 
has  a  blade  twist  of  -9  degrees,  the  same  value  should  be 
acceptable  for  the  heavy-lift  helicopter. 

Transmission  Rating 

A  12,000-shaft-horsepower  transmission  rating  will  provide 
enough  power  for  both  hover  requirements.  The  12-ton  mission 
at  6000  feet,  95°F,  requires  10,960  shaft  horsepower;  20  tons 
at  sea  level  requires  11,500  shaft  horsepower. 

• 

Final  Configuration 

The  aforementioned  selections  have  been  based  on  the  transport- 
type  fuselage  and  the  flat-plate  area  associated  with  this  ♦ 

type.  A  brief  study  to  determine  their  applicability  to  the 
crane/personnel  carrier-type  fuselage  showed  that,  for  the 
100-nautical-mile  mission,  the  lighter  structural  weight  of 
the  crane/personnel  carrier  is  partly  offset  by  the  additional 
fuel  required.  Although  the  transport  mission  takeoff  weight 
of  the  crane/personnel  carrier  is  about  1600  pounds  less  than 
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7.  v  =  0.4030 

Figure  21.  Angle-of-Attack  Distribution  of  the  Tandem-Lift 
Rotor  at  75,700  Pounds,  5000  Feet,  120  Knots. 
(Sheet  1  of  4) 
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NOTES:  ifr  =  0 

1.  Aft  rotor 

2.  Gross  weight  75,700  pounds 

3.  Altitude  5000  feet,  standard 

4.  Airspeed  170  knots  §§|I  Reverse  flow  region 

5.  0t  =  “8  degrees 

6.  Gp1  /o  =  0.09179  HIP  Angles  of  attack  greater 

7.  vi  =  0.4032  7  than  16  degrees 

Figure  21.  Angle-of-Attack  Distribution  of  the  Tandem-Lift 

Rotor  at  75,700  Pounds,  5000  Feet,  120  Knots. 
(Sheet  2  of  4) 
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NOTES:  ip  =  0 

1.  Aft  rotor 

Gross  weight  75,700  pounds 
Altitude  5000  feet,  standard 
Airspeed  170  knots 
8t  =  -10  degrees 
CTV0  =  0.09153 
„  =  0.4034 


2. 

3. 

4. 

5. 

6. 

7. 


HHI  Angles  of  attack 
greater  than  16 
degrees 

||§!  Reverse  flow  region 


Figure  21. 


Angle-of-Attack  Distribution  of  the  Tandem-Lift 
Rotor  at  75,700  Pounds,  5000  Feet,  120  Knots. 
(Sheet  3  of  4) 
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*  =  180 


NOTES:  ip  =  0 

1.  Aft  rotor 

2.  Gross  weight  75,700  pounds 

3.  Altitude  5000  feet,  standard 

4.  Airspeed  170  knots 

5.  =  -12  degrees 

6.  CTi/  =  0.09128 

7.  y  =  0.4037 


Reverse  flow  region 


Angles  of  attack  greater 
than  16  degrees 


Figure  21.  Angle-of-Attack  Distribution  of  the  Tandem-Lift 
Rotor  at  75,700  Pounds,  5000  Feet,  120  Knots, 
(Sheet  4  of  4) 
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*=180 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 


CH-47A  aft  rotor  ^=0 

Test  weight  28,290  pounds,  eg  16.7  inches  aft 
Altitude  5000  feet?  trim  3/5 
Airspeed  126  knots;  230  rotor  rpm 
0t  =  -9  degrees  Angl®3  °f  attack 

CTi/  =  0.0906  x  greater  them  14 

y  =  0.2989  degrees 


Xc  =  0.195 


Reverse  flow  region 


Figure  22.  Angle-of-Attack  Distribution  of  the  CH-47  Rotor 
at  28,290  Pounds,  5000  Feet,  120  Knots. 
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i>  =  180 


NOTES:  ^  =  0 

1.  Aft  rotor 


2.  Gross  weight  87,000  pounds 

3.  Sea  level  standard 

4.  Airspeed  165  knots 

5.  et  =  -10  degrees 

6.  CTl/  =  0.08932 

7.  n  =  0.03928 


ji!  Reverse  flow  region 


^  Angles  of  attack  greater 
than  16  degrees 


Figure  23.  Angle-of- Attack  Distribution  of  the  Tandem-Lift 
Rotor  at  87,000  Pounds,  Sea  Level,  165  Knots. 
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Projected  Rotor  Linits  for  Heavy-Lift  Helicopter 
Pour  T55-L-11  Engines,  NACA  23012  Airfoil 
Tip  Speed  700  feet  per  second,  fe  -  95.7 


P 

0 

■P 

0 

p 

(0 

•P  XJ 
44  C 
(0  3 
o 

n  & 

<D 

4-»  O  X) 
a  o  p  p 
0  MB  0) 
0  *x)  3: 
■Hinco 

i— I  in  p, 

0)  P 
.3  -P  W  X) 
A  <1) 
A  *p 
44  -P  p  itf 
■H  Q)  <d  M 
H  J  (jj  i 
I  44  r-4 
>i  oj  «j 

>  m  o  e 
id  O  o  p 
<U  P  O  0 
X  O  in  25 


W 

XJ 

G 

3 


P 

° 

O 

u 

4 J 
44 
It) 


0) 

XJ 

C 

3 


S,  P  & 


O  XJ 
<r>  p 

<N  (0 

*  XJ 
00  G 
<N  S 


0 

M 

44 

It) 

$ 

a 

o 


P 
<0 
4J  O 

a  o 
0  o 
u 

•H 


P  0) 

A 

cn  * 

•H  p 
0)  0) 
*  ,0) 
44 


0) 

,c 

p 

44 

■H 


co 

P 

•& 

•H 

0) 


H  £ 


O 

O 

O 


It) 

0) 


*0 

P  P 
id  ai 

xj  * 

§R 

to  XJ 
0) 
*  p 
iH  id 

a)  p 
>  i 
0)  H 
h  n) 
_  6 
id  p 


O  in  ®  o  w 


a>  O 

co  ss 


to 


II 

◄ 


a> 

p 

3 

CT> 

•H 

a 


24.  Projected  Rotor  Limits  for  Continuous  Cruise. 


that  of  the  transport,  the  same  rotor  geometry  is  considered 
desirable,  with  resulting  increases  in  hover  capability,  or 
payload. 

As  indicated  in  the  description  of  rotor,  radius,  any  of  several 
engines  may  be  used  with  the  selected  rotor  radius.  The  rotor 
system  geometry  is  therefore  applicable  to  different  fuselage 
types  and  to  several  different  engines.  As  a  demonstration  of 
this,  the  final  weights  and  performance  values  of  six  tandem 
versions  (three  engine  combinations  for  each  fuselage)  are  de¬ 
rived  in  a  subsequent  section. 

OPTIMIZATION  OF  SINGLE-LIFT/ANTITORQUE  ROTOR  SYSTEM 

Essentially  the  same  procedure  as  for  the  tandem-lift  was  used 
for  optimizing  the  single-lift/antitorque  rotor.  On  the  basis 
of  the  results  of  the  tandem-lift  rotor  study,  a  blade  tv/ist  of 
-12  degrees,  an  NACA  23012  airfoil,  and  a  hover  Cl  =  0.6  were 
selected  and  used  throughout  the  study.  Rotor  radius,  tip  speed, 
and  blade  chord  were  then  selected  from  tradeoff  studies  con¬ 
ducted  on  the  parametric  computer  program,  taking  into  consider¬ 
ation  the  empty  weight,  gross  weight  mission  fuel  weight,  and 
hover  required.  Figures  25  and  26  are  examples  of  these  trade¬ 
off  studies.  The  following  rotor  geometry  results  from  the 
optimizations 


1.  Rotor  radius 

2.  Blade  chord 

3.  Tip  speed 

4.  Blade  twist 

5.  Number  of  blades 

6.  Transmission  rating 

FINAL  WEIGHTS  AND  PERFORMANCE 


48  feet 
4.0  feet 

700  feet  per  second 
-12  degrees 
5 

* 

15,500  shaft  horsepower 


Final  weights  and  performance  values  were  calculated  for  the 
single-lift/antitorque  rotor  system  and  the  tandem-lift  rotor 
system  using  several  fuselage  and  engine  combinations  to  demon¬ 
strate  the  applicability  of  the  optimized  rotor  systems. 

The  single-lift/antitorque  rotor  system  is  shown  for  both  the 
transport  and  the  crane/personnel  carrier  with  four  501-M26 
engines.  The  tandem-lift  rotor  system  is  shown  with  both 
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Figure  26.  12-Ton  Mission  Weight  and  Performance  Study 
for  Single-Lift/Antitorque  Rotor  Crane/ 
Personnel  Carrier. 
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fuselages  for  each  of  three  engine  combinations  (three  501-M26's, 
four  T55-L-11 ' s/  and  four  T64/S4A's),  which  results  in  a  total 
of  six  versions. 

Group  Weight  Estimates 

Having  defined  the  final  configurations,  the  group  weights  were 
established  using  the  selected  transmission  ratings  and  rotor 
geometry,  and  actual  engine  weights.  These  are  shown  in  the 
summary  weight  statements  for  two  single-lift/antitorque  rotor 
configurations  with  four  501-M26  engines  and  two  tandem-lift 
rotor  configurations  with  four  T55-L-11  engines.  Overall  ad¬ 
justments  to  the  tandem-lift  rotor  configuration's  empty  weight 
are  made  to  reflect  also  the  three  501-M26  engines  or  four 
T64/S4A  engines,  the  reiterations  from  the  rotor  detail  design 
study,  and  the  drive  system  weights  estimated  by  building-block 
methods. 

Mission  Fuel  Weights 

The  missions  were  then  recalculated  using  appropriate  fuel  flow 
for  each  engine,  and  final  mission  fuel  weights  were  determined, 
considering  each  of  several  cruise  speeds. 

Ferry  Range  Calculations 

The  ferry  range  calculations  were  performed  by  determining  the 
99-percent  optimum  specific  range  versus  gross  weight  for  each 
of  several  altitudes.  A  10, 000- foot  operational  limit  was 
conservatively  assumed  to  allow  missions  without  the  need  of 
oxygen  or  pressurization  equipment.  Operation  with  one  engine 
shut  down  was  also  considered  for  the  tandem-lift  rotor  con¬ 
figuration?  it  was  found  to  provide  superior  range  character¬ 
istics.  For  the  single-lift/antitorque  rotor  machine,  opera¬ 
tion  is  shown  with  two  engines  shut  down,  since  this  is  re¬ 
quired  to  provide  the  best  matching  of  engine  fuel  flow 
characteristics  with  aircraft  power  required. 

Weights  and  Performance  Summary 

Table  IV  shows  the  results  of  these  final  weight  and  perform¬ 
ance  estimates?  from  it  one  may  make  the  following  observa¬ 
tions  s 

1.  The  optimized  single-lift/antitorque  rotor  machine 
has  a  gross  weight  for  the  transport  mission  6000 
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pounds  greater  than  the  optimized  tandem-lift  rotor 
configuration.  The  required  transmission  rating  is 
3500  shaft  horsepower  greater,  and  the  required  fuel 
is  2200  to  1000  pounds  greater,  depending  on  the 
powerplant  of  the  tandem-lift  rotor  configuration 
with  which  it  is  compared. 

2.  For  the  tandem-lift  rotor  configuration,  the  effect 
of  engine  selection  on  gross  weight  for  the  trans¬ 
port  (12-ton)  mission  is  small  —  700  pounds  at  most — 
but  the  effect  on  fuel  weight  can  vary  as  much  as 
1000  pounds. 

3.  The  gross  weight  of  the  tandem-lift  rotor  transport 
is  about  1600  pounds  heavier  than  that  for  the  tan¬ 
dem  crane/personnel  carrier,  for  the  required  trans¬ 
port  mission.  However,  for  this  comparison,  the  pod 
weight  was  neglected  and  considered  to  be  part  of 
the  12- ton  payload.  Since  the  pod  would  weigh  con¬ 
siderably  more  than  1600  pounds,  the  gross  weight  for 
the  crane/personnel  carrier  would  be  more  than  that 
for  the  transport  if  the  pod  weight  were  considered 
to  be  other  than  payload. 

4.  The  tandem-lift  rotor  configuration  performs  the 
transport  mission  (12- ton  payload)  at  cruise  speeds 
up  to  167  knots  with  the  transport  type  fuselage, 
and  up  to  150  knots  with  the  crane/personnel  carrier 
fuselage. 

5.  The  performance  reserve  in  hover  is  as  much  as  4900 
pounds  for  the  three-engine  501-M26  configuration 
at  6000  feet,  95^.  As  pointed  out  previously,  this 
has  been  achieved  with  no  penalty  in  the  efficiency 
of  performing  the  mission. 

6.  The  required  ferry  range  of  1500  nautical  miles  can 
be  achieved  with  all  configurations,  although  the 
ferry  range  of  the  crane/personnel  carrier  is  100 
nautical  miles  shorter  than  that  of  the  transport. 

More  than  1900  nautical  miles  can  be  achieved  with 
both  the  three-engine  501-M26  installation  and  the 
four-engine  T64/S4A  installation. 
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CONFIGURATION  SELECTION 


A  review  of  derived  weight  empty  and  fuel  weight  shows  signif¬ 
icant  margins  in  favor  of  the  tandem-lift  rotor  configuration. 
This  and  the  other  margins  forming  "sufficient  conditions"  for 
the  selection  of  a  configuration  indicate  that  the  tandem-lift 
rotor  configuration  should  be  chosen  over  the  single-lif t/anti- 
torque  rotor  configuration.  The  favorable  margins  forming  the 
sufficient  conditions  are: 

1.  Weight  empty 

2.  Fuel  weight 

3.  Power  required 

4.  Large  cubage 

5.  Great  center-of-gravity  range 

6.  Hover  attitude  control  independent  of  center-of- 

gravity  positions. 

Table  IV  summarizes  some  of  the  margins  in  favor  of  the  tandem- 
lift  rotor  configurations. 

EFFECT  OF  MISSION  CRUISE  SPEED  ON  PAYLOAD 


Figure  27  shows  the  effect  of  cruise  speed  on  the  transport 
mission  payload  for  three  tandem-lift  rotor  versions  of  dif¬ 
ferent  drag  values,  all  with  T55-L-11  engines.  It  is  assumed 
that  the  aircraft  are  operating  at  the  maximum  gross  weight 
for  hovering  out  of  ground  effect  at  6000  feet,  95°F.  It  can 
be  seen  that  as  the  outbound  speed  increases  from  the  required 
110  knots,  the  payload  increases,  reflecting  the  better  specific 
range,  until  the  best  range  speed  is  attained.  For  the  trans¬ 
port  version,  the  best  range  speed  is  130  knots,  at  which  point 
the  payload  can  be  25,400  pounds.  An  outbound  maximum  cruise 
speed  of  167  knots  is  possible,  with  a  payload  of  over  12  tons. 
The  maximum  cruise  speed  of  the  crane/personnel  carrier  is 
limited  to  150  knots,  but  it  has  a  payload  at  that  speed  of 
over  13  tons,  including  the  pod  weight.  For  the  transport 
mission,  the  weight  penalty  of  retractable  landing  gear  pre¬ 
cludes  any  net  benefit  unless  the  speed  requirement  is  in¬ 
creased  to  160  knots  or  higher. 
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The  heavy-lift  helicopter  inherently  has  high  speed  and  ferry 
range  potential  due  to  the  6000-foot,  95°F  hover  requirement 
and  the  relatively  high  ratio  of  gross  weight  to  flat-plate 
area  associated  with  a  large  aircraft.  Because  of  its  long 
landing  gear  structure  and  the  downward  extension  of  the  crew 
cabin  for  the  loadmaster's  station,  the  crane/personnel  carrier 
has  greater  drag  than  the  transport.  The  ferry  ranges  are 
correspondingly  shorter.  Speed  and  ferry  range  can  be  in¬ 
creased  by  the  following: 

1.  Improve  drag  characteristics  of  hub  and  pylons. 

2.  Use  regenerative  engines  to  decrease  the  specific 
fuel  consumption. 

3.  Shut  down  some  engine (s)  when  operating  at  low  power 
to  decrease  the  specific  fuel  consumption. 

4.  Use  yawed  flight  to  increase  span  loading  and  to 
decrease  induced  power  at  the  altitudes  for  best 
range. 

EXPLORATORY  DYNAMICS  STUDY 

A  brief  dynamics  study  investigated  the  effect  of  number  of 
blades  on  hub  vibratory  forces  for  the  following  cases: 

1.  Number  of  blades  3  and  4 

2.  Gross  weight  87,000  pounds 

3.  Helicopter  eg  position  8  inches  forward 

4.  Rotor  txp  speed  700  feet  per  second 

(1555  rotor  rpm) 

5.  Airspeed  130,  150,  and  170  knots 

Rotor  loads  were  determined  by  a  comprehensive  structural  rotpr 
analysis  which  considered  nonuniform  downwash  effects.  Blade 
structural  properties  were  derived  by  scaling-up  CH-47A  blade 
properties. 

Natural  frequency  spectra  were  obtained  for  both  rotors  to 
ensure  dynamic  similarity  between  the  blades.  The  spectra 
presented  in  Figu .  ■»  28  show  the  blades  to  be  very  similar. 
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Payload  Outbound  in  Pounds 


Mission  Speed  Outbound  in  Knots 

NOTES : 

1.  100  nautical-mile  radius  12-ton  transport  mission 

2.  Internal  payload  outbound  only 

3.  Inbound  cruise  speed  same  as  outbound  cruise 
speed,  but  at  least  130  knots 

4.  Load  to  maximum  hover  gross  weight  at  6000  feet/ 

95®F 

5.  Five  minutes  hover;  10-percent  fuel  reserve 

6.  Four  T55-L-11  engines 

7.  Weight  and  Drag:  Flat  Plate  Weight  Maximum  Hover 

Area  Empty  Gross  Weight 

(square  feet)  (pounds)  (pounds) 

Transport  (fixed  gear)  95.6  42/224  77,300 

Transport  (retracted  gear)  74.0  42,877  77,300 

Crane/personnel  carrier  138.6  39,769  77,100 

Figure  27.  12-Ton  Mission  Speed  and  Payload  Capability 
of  Tandem-Lift  Rotor  Helicopter. 
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The  first  bending  mode  is  placed  between  2  and  3  per  revolu¬ 
tion,  far  enough  below  the  control  3  per  revolution  amplifica¬ 
tion  for  the  three-bladed  rotor.  The  next  mode,  second  flap 
bending,  is  placed  near  5  per  revolution,  free  from  amplifica¬ 
tion  of  4  per  revolution  for  the  four-bladed  rotor.  Third 
bending  is  between  7  and  8  per  revolution,  the  specific  loca¬ 
tion  being  related  to  the  coupling  occurring  with  the  torsion 
mode  in  the  same  region. 

Rotor  hub  vibratory  forces  (shaking  forces) ,  both  vertical  and 
in-plane,  are  presented  in  Figures  29  and  30  as  3  per  revolu¬ 
tion  for  the  three-bladed  rotor  and  as  4  per  revolution  for  the 
four-bladed  rotor.  These  are  the  predominant  forces  in  each 
case.  Both  graphs  indicate  reduced  forcing  levels  obtained  for 
four-bladed  rotors.  The  effects  of  these  forcing  functions  on 
the  aircraft  vibration  level  are  not  indicated,  since  no  con¬ 
sideration  of  fuselage  response  characteristics  is  possible  at 
this  stage  of  the  design. 

Although  the  force  level  is  analytically  reduced  with  the  four- 
bladed  configuration,  it  alone  is  not  a  guarantee  of  low  vibra¬ 
tion  level.  The  fuselage  response  is  still  a  key  factor  in 
obtaining  the  overall  response.  In  the  detail  design  stage,  a 
fuselage  analysis  must  be  conducted  to  determine  the  fuselage 
natural  modes  and  the  forced  response  of  the  aircraft  to  these 
calculated  rotor  loads.  The*  structural  analysis  program  used 
at  Vertol  Division  has  proven  to  be  more  accurate  than  past 
efforts  which  used  El  and  GJ  representations.  Instead,  the 
fuselage  is  represented  by  its  skin  and  stringers,  a  structural 
matrix  is  formed,  and  then  a  dynamic  matrix  is  formed  from 
that.  The  natural  modes  and  frequencies  obtained  have  proven 
to  be  reliable  when  checked  against  ground  shake  tests. 

As  the  fuselage  design  progresses,  the  analysis  can  be  used  to 
determine  modal  locations  and  forced  amplitude.  If  a  three- 
bladed  rotor  is  used,  then  the  stiffness  properties  can  be  de¬ 
signed  so  that  the  modes  are  located  away  from  3  per  revolution, 
or  similarly  away  from  4  per  revolution  for  a  four-bladed  de¬ 
sign.  In  this  manner,  reasonable  assurance  of  an  acceptable 
vibration  level  can  be  made  for  a  new  aircraft. 

A  more  detailed  dynamics  analysis,  including  fuselage  response 
to  hub  loads,  is  described  in  STATIC  AND  DYNAMIC  STRUCTURAL 
ANALYSIS.  The  illustrations  shown  here  (Figures  28,  29,  and  30) 
are  for  comparative  purposes  only.  This  four-bladed  rotor  dy¬ 
namics  analysis  has  been  included  to  project  the  growth  of  the 
heavy-lift  helicopter. 


Natural  Frequency 


NOTES : 

1.  Tandem-lift  rotor  transport 

2.  Blade  radius  45  feet 

3.  Blade  chord  42  inches 


Figure  28.  Natural  Frequency  Spectra  of  Three-  and 
Four-Bladed  Rotors.  (Sheet  1  of  2) 


Natural  Frequency 


NOTES : 

1.  Tandem-lift  rotor  transport 

2.  Blade  radius  43  feet 

3.  Blade  chord  31.5  inchjes 


Figure  28.  Natural  Frequency  Spectra  of  Three-  and 
Four-B laded  Rotors.  (Sheet  2  of  2) 
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110  130  150  170 

Airspeed  in  Knots 

NOTES : 

1.  Tandem-lift  rotor  transport;  gross  weight 
87,000  pounds;  eg  8.01  inches  forward 

2.  Blade  radius  43  feet 

3.  _  3  blades  30  in-plane  hub  loads 

-  4  blades  40  in-plane  hub  loads 


Figure  29.  In-Plane  Hub  Loads 
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NOTES : 

1.  Tandem-lift  rotor  transport,  gross  weight 
87,000  pounds;  eg  8.01  inches  forward 

2.  Blade  radius  43  feet 

3.  _  3  blades  30  vertical  hub  loads 

-  4  blades  40  vertical  hub  loads 


Figure  30.  Vertical  Hub  Loads. 
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STABILITY,  CONTROL,  AND  FLYING  QUALITIES 


Using  the  results  of  NASA-Langley  and  USAAVLABS  investigations 
as  guidelines  (References  2,  5,  6,  and  17),  Vertol  Division 
has  analyzed  the  mission  of  the  heavy-lift  helicopter  and  has 
developed  requirements  on  control  power  and  sensitivity  that 
will  assist  the  pilot  in  the  performance  of  his  assigned  task. 
The  helicopter  characteristics  used  to  calculate  stability  and 
concrol  requirements  are  as  follows: 


1.  Inertia  about  X-axis  218, 00C  slug  feet  squared 

2.  Inertia  about  Y-axis  1,315,000  slug  feet  squared 

3.  Inertia  about  Z-axis  1,550,000  slug  feet  squared 

4.  Maximum  gross  weight  87,000  pounds 

5.  Minimum  flying  weight  40,000  pounds 

6.  Flat-plate  drag  area  96.5  square  feet 

7.  Forward  rotor  shaft  tilt  9  degrees 

8.  Aft  rotor  shaft  tilt  4  degrees 

9.  Distance  between  rotors  59.5  feet 

10.  Cg  28.5  inches  aft  to  70.0  inches  forward  of  center- 
line  between  rotors 


ANALYSIS  OF  MISSION  REQUIREMENTS 
Longitudinal  (Pitch)  Control 

The  longitudinal  (pitch)  control  requirement  is  of  prime 
importance  to  the  heavy-lift  mission.  High  control  power  is 
needed  to  allow  internal  loading  versatility  and  to  provide 
maneuverability  in  operations  with  both  internal  and  external 
loads.  For  this  reason,  in  addition  to  the  trim  requirement 
of  MIL-H-8501A,  paragraph  3.2.1,  sufficient  control  has  been 
provided  to  generate  a  pitch  attitude  change  in  hover  of 
292/ (W+  1000)1/3  degrees  in  i  second  with  an  apparent  time 
constant  of  0.5  second.  An  additional  margin  of  control  equal 
to  the  moment  change  due  to  the  critical  cyclic  trim  failure 
is  also  provided. 
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Lateral  (Roll)  Control 


The  lateral  (roll)  control  arises  from  the  trim  requirement  of 
MIL-H-8501A,  paragraph  3.3.9,  with  an  additional  maneuver  mar¬ 
gin.  Although  this  provision  is  in  excess  of  that  required  by 
MIL-H-8501A,  it  allows  a  roll  maneuver  capability  with  a  0.3- 
second  time  constant  at  all  flight  conditions. 

Directional  (Yaw)  Control 

The  directional  (yaw)  control  requirements  are  small  in  for¬ 
ward  flight  since  coordinated  turns  are  made  with  lateral  and 
longitudinal  controls,  and  trimmed  sideslip  requirements  are 
modest  (see  Figure  31).  The  yaw  control,  then,  arises  from 
the  necessity  to  provide  maneuverability  in  hover.  The  total 
yaw  control  provided  is  25  percent  greater  than  that  required 
by  MI L-H-8 5 0 1A ,  paragraph  3.3.5.  In  view  of  the  tandem  con¬ 
figuration's  relative  insensitivity  to  gust  disturbance,  it 
is  felt  that  this  excess  control  is  sufficient. 

Control  Power 


To  ensure  that  aircraft  response  characteristics  are  compatible 
with  the  heavy-lift  mission,  the  blade  pitch  envelopes  (see 
Figures  32  and  33)  provide  greater  hover  control  powers 
(radians  per  second  squared)  at  maximum  gross  weight  and  with 
greater  margins  than  those  required  by  specification  MIL-H- 
8501A: 


1. 

Pitch: 

0.14  required. 

1.38  provided 

2. 

Roll: 

0.27  required, 

1.25  provided 

3. 

Yaw: 

0.30  required. 

0.38  provided 

The  combined  cumulative  collective  and  cyclic  blade  pitch 
travels  will  be  limited  to  60  degrees  of  total  travel  on  each 
rotor  as  shown  in  Figure  34.  This  limit  was  provided  so  that 
the  blade  pitch  travels  and  actuators  will  not  be  overdesigned 
to  provide  control  that  will  never  be  demanded  in  actual  flight 
conditions.  Centrifugal  droop  stops  will  permit  full  freedom 
of  blade  flapping  motion  for  full  utilization  of  the  blade 
pitch  motions  provided. 

Control  Sensitivity 


With  the  pitch  control  power  provided,  the  heavy-lift's  control 
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Rudder  Pedal  in  Inch 


Lateral  Cyclic  Pitch  in  Degrees 


•Differential  Lateral  Cyclic  Pitch  in  Degrees 


Figure  33.  Lateral  and  Differential- Lateral  Cyclic  Pitch 
Envelope. 
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sensitivity  could  be  established  at  a  level  from  that  of  the 
H-21  up  to  that  of  the  CH-47  for  total  control  travels  less 
than  the  HIAD  maximum  limit  of  ±7  inches.  The  maximum  control 
travel  was  tentatively  selected  to  be  ±5.5  inches  for  the 
following  reasons: 

1.  The  control  sensitivity  so  provided,  together  with 
the  rate  damping  level  of  4,  1/second,  provided  by 
use  of  the  stability  augmentation  system  (SAS) ,  is 
compatible  with  NASA- Lang ley  recommendations 
(Reference  15)  and  MIL-H-8501A  requirements. 

2.  The  sensitivity  and  damping  are  compatible  with  the 
values  for  the  other  axes. 

3.  The  control  sensitivity  may  be  increased  or  decreased 
as  further  study  warrants. 

The  hover  momenL  control  sensitivities  (radians  per  second 
squared  per  inch)  at  maximum  gross  weight  exceed  the  maneuver 
requirements  of  specification  MIL-H-8501A: 

1.  Pitch:  0.035  required,  0.250  provided? 

5.5-inch  total  control  movement 

2.  Roll:  0.090  required,  0.416  provided? 

3.0-inch  total  control  movement 

3.  Yaw:  0.095  required,  0.125  provided? 

3.0- inch  total  control  movement 


The  yaw  control  sensitivity  listed  is  without  quickening. 
Quickening  used  with  yaw  control  would  provide  an  even  greater 
sensitivity  for  small  inputs  without  increasing  the  total 
>  differential  lateral  cyclic  pitch  level. 

The  angular  rate  damping  about  all  axes  will  be  augmented  with 
SAS  to  optimize  short-period  dynamic  characteristics  and  pro¬ 
vide  rapid  establishment  of  steady-state  rate  responses  to  con¬ 
trol  inputs.  Figures  35,  36,  and  37  indicate  target  levels  of 
SAS- augmented  rate  damping  in  hover. 


Specification  MIL-H-8501A  (paragraphs  3.2.10  and  3.3.9)  allows 
a  helicopter  to  be  statically  unstable  in  pitch  and  yaw  under 
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Control  Sensitivity  Radians _ 

Inertia  Seconds2/  Inch 


NOTE:  Gross  weight  87,000  pounds 


•* 


* 


♦ 


« 


Figure  35.  Pitch  Damping  and  Control  Sensitivity  in  Hover. 
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Figure  36.  Roll  Damping  and  Control  Sensitivity  in  Hover. 
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Figure  37.  Yaw  Damping  and  Control  Sensitivity  in  Hover. 
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certain  flight  conditions.  Static  and  dynamic  stability  re¬ 
quirements  may  be  met  through  stability  augmentation.  It  is 
suggested  in  Reference  24  that  a  mild  degree  of  instability  may 
be  tolerated  following  a  failure  in  the  stability  augmentation 
system.  To  meet  this  criterion  with  center-of-gravity  4-percent 
aft  of  the  centerline  between  rotors,  the  heavy-lift  helicopter 
will  be  configured  with  a  delta-three  rotor  and  suitable  empen¬ 
nage.  This  criterion  will  ensure  a  more  natural  feel  of  the 
aircraft, as  less  reliance  on  the  SAS  will  be  warranted. 

Longitudinal  Cyclic  Pitch  Trim 

For  pilot  comfort  and  low  fuselage  drag,  q-programmed  longi¬ 
tudinal  cyclic  pitch  is  used  to  provide  a  level  fuselage  at 
airspeeds  greater  than  100  knots.  Because  of  the  powerful 
independent  differential  collective  pitch  moment  control,  this 
attitude  control  can  be  achieved  at  any  gross  weight  and 
center-of-gravity  location  from  30  inches  aft  to  70  inches  for¬ 
ward  (Figure  38) .  In  hover,  manually- selected  aft  cyclic  pitch 
is  provided  to  obtain  a  level  attitude  for  improved  visibility 
and  ease  in  the  acquisition  of  external  cargo  and  straddling 
of  loads. 

Flying  Qualities 

The  tandem  configuration  will  not  be  subject  to  yaw  disturbances 
in  hover  created  by  horizontal  gusts.  This,  together  with  the 
level  of  longitudinal  and  lateral  speed  stability  will  produce 
desirable  spot  hovering  capability  for  the  heavy-lift  helicopter. 
The  high  control  power  provided  by  DCP  and  the  independent  atti¬ 
tude  control  provided  by  longitudinal  cyclic  pitch  allows  great 
loading  flexibility.  Acquisition  and  off-loading  of  either  in¬ 
ternal  or  external  cargo  can  be  accomplished  with  negligible 
attitude  changes. 

The  articulated  tandem-lift  rotor  system  is  not  only  feasible 
from  a  stability  and  control  standpoint  (requiring  no  state-of- 
the-art  advances  in  technology) ,  but  is  also  an  ideal  load 
platform  for  the  heavy-lift  mission. 

STATIC  STABILITY 

Satisfactory  flying  qualities  of  the  heavy-lift  helicopter  can 
be  ensured  by  the  provision  of  static  stability  in  the  basic 
helicopter.  The  benefits  are  improved  longitudinal  short-period 
dynamic  characteristics,  increased  safety  and  pilot  confidence 
in  high-speed  SAS-off  flight,  and  a  reduction  in  SAS  authority. 
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Figure  39.  Stick  Position  as  a  Function  of  Airspeed. 
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Longitudinal  (Pitch)  Stability 


Three  means  of  providing  inherent  pitch  stability  were  con¬ 
sidered!  pitch-flap  coupling  (delta- three)  on  the  forward 
rotor,  location  of  the  most  aft  center  of  gravity,  and  the 
use  of  horizontal  stabilizers. 

In  hover,  the  angle-of- attack  stability  derivative  is  meaning¬ 
less.  With  increasing  airspeed,  the  rotor  system  tends  to 
destabilize  the  aircraft  in  pitch  because  of  rotor-on-rotor 
interference  effects.  Since  the  major  source  of  the  tandem- 
lxft  rotor  helicopter's  tendency  to  pitch  instability  is  the 
rotor  system,  the  heavy-lift  will  be  equipped  with  26.5  degrees 
of  delta-three  on  the  forward  rotor. 

The  source  of  the  tandem-lift  rotor  helicopter's  instability 
with  angle  of  attack  is  related  to  the  operation  of  the  rear 
rotor  in  the  downwash  field  of  the  front  rotor.  When  the  heli¬ 
copter  angle  of  attack  is  increased,  the  rear  rotor  angle  of 
attack,  and  hence  the  rear  rotor  thrust,  increases  less  than 
the  angle  of  attack  and  thrust  of  the  front  rotor,  because 
of  the  increased  downwash  from  the  front  rotor.  The  result 
is  a  nose-up,  and  hence  unstable,  movement.  Differential 
delta- three  reduces  the  lift  curve  slope  of  the  front  rotor, 

Opa  ,  and  thus  has  a  stabilizing  effect  on  the  composite 
tandem-lift  rotor  system. 

Delta-three  (see  Figure  40)  is  a  rotor  kinematic  system  which 
couples  rotor  blade  flap  to  rotor  blade  pitch.  This  is  accom¬ 
plished  by  moving  the  attachment  point  of  the  blade  pitch  arm 
off  the  centerline  of  the  flap  hinge,  thereby  reducing  changes 
in  collective  pitch  with  coning  and  in  cyclic  pitch  with  flap¬ 
ping. 

At  a  fixed  rotor  rpm,  coning  is  proportional  to  rotor  thrust,  so 
collective  pitch  changes  with  rotor  thrust.  Increases  in  rotor 
angle  of  attack  will  increase  both  the  thrust  and  coning.  There¬ 
fore,  a  rotor  with  delta- three  will  have  a  lower  rate  of  change 
of  thrust  with  angle  of  attack  changes  (ffT/<Sa)  than  a  rotor 
without  delta-three  because  of  the  reduction  in  collective 
pitch  which  occurs  as  coning  increases. 

The  term  differential  6  3  is  used  to  describe  a  difference  in 
the  pitch-cone  coupling  characteristics  of  the  forward  and  aft 
rotors  of  a  tandem-lift  rotor  helicopter.  The  use  of  a  delta- 
three  hinge  on  only  the  forward  rotor  will  reduce  the  6  T/a a  of 
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Static  Stability _ 1  Static  Stability  1 

Inertia  Seconds^  Inertia  Seconds 


GROSS  WEIGHT  40,000 'POUNDS 


0  50  100  150  200 

Airspeed  in  Knots 


GROSS  WEIGHT  87,000  POUNDS 


Figure  40.  Rotor  System  Static  Stability  in  Pitch  at 
28.5  Inches  Aft  Center  of  Gravity. 
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the  forward  rotor  relative  to  the  rear  rotor,  thereby  apprecia¬ 
bly  improving  the  helicopter's  angle-of-attack  stability  and 
gust  sensitivity.  Figures  40,  41,  and  42  indicate  the  degree 
of  stability  improvement  of  the  tandem  rotor  system  to  be 
gained  through  26.5  degrees  of  differential  delta-three. 

Additional  stability  will  be  obtained  through  the  use  of  hori¬ 
zontal  tail  surfaces  and  by  the  selection  of  the  most  aft  center- 
of-gravity  location.  Here,  a  tradeoff  must  be  made  between  the 
loading  versatility  allowed  by  large  aft  center  of  gravity 
limits  and  the  increase  in  structural  weight  associated  with 
tail  size.  The  total  helicopter  stability  shown  in  Figure  42 
was  obtained  for  the  transport  configuration,  incorporating 
26.5  degrees  of  delta-three  and  a  horizontal  tail  area  of 
approximately  300  square  feet.  The  design  aft  center-of-gravity 
limit  of  28.5  (4  percent  of  the  distance  between  rotors)  is 
proportionately  about  the  same  as  existing  tandem-lift  helicop¬ 
ters.  Because  of  the  importance  of  interference  effects,  exact 
sizing  of  the  necessary  stabilizing  surfaces  must  be  determined 
from  wind  tunnel  tests  of  specific  configurations. 

Directional  (Yaw)  Stability 

Since  the  rotor  disc  planes  are  parallel  to  the  relative  wind, 
they  can  produce  no  tendency  to  yaw  instability  in  forward 
flight  or  weathercocking  in  hover.  Thus  the  aircraft  can  be 
stabilized  through  suitable  aft  center-of -gravity  locations  and 
aft  pylon  (vertical  stabilizer)  sizing.  Figure  43  shows  the 
estimated  yaw  static  stability  as  a  function  of  airspeed  and 
center-of-gravity  location  for  the  transport  configuration  with 
an  aft  pylon  area  of  approximately  500  square  feet.  For  opti¬ 
mum  heading  stability  the  target  level  indicated  in  Figure  43 
will  be  achieved  with  SAS.  Exact  sizing  of  the  required  verti¬ 
cal  stabilizers  must  be  determined  by  wind  tunnel  tests  of 
specific  configurations. 

LONGITUDINAL  (PITCH)  CONTROL 
Longitudinal  Cyclic  Trim 

It  is  desirable  for  the  heavy-lift  mission  that  the  helicopter 
attain  a  level  fuselage  attitude  both  at  high  speed  and  in 
hover.  In  hover,  for  the  crane/personnel  carrier  or  for  the 
transport  with  an  external  cargo  sling,  the  task  of  straddling 
a  load  on  the  ground  or  acquiring  an  external  load  will  be 
simplif.  ed  with  level  hovering  capability.  At  cruise  speed, 
a  level  attitude  is  desirable  both  from  a  performance  (drag) 
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Static  Stability  1  Static  Stability  _  1 

Inertia  Seconds^  Inertia  Seconds2 


GROSS  WEIGHT  40,000  POUNDS 
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0  50  100  150  200 

Airspeed  in  Knots 


.  Rotor  System  Static  Stability  in  Pitch  at 
11.5  Inches  Forward  Center  of  Gravity. 
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Figure  41 
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Figure  43.  Directional  Stability  of  Transport. 
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standpoint  and  for  pilot  comfort. 


Without  longitudinal  cyclic  control,  the  nose-up  hover  atti¬ 
tude  equals  the  average  of  the  forward  and  aft  shaft  tilts. 

In  forward  flight,  forward  thrust  vector  tilt  is  required  to 
balance  the  increased  drag.  This  tilt  can  be  provided  either 
through  fuselage  attitude  changes  or  through  longitudinal  cy¬ 
clic  flapping  induced  by  longitudinal  cyclic  blade  pitch  con¬ 
trol.  f 

A  preliminary  estimate  of  the  shaft  tilt  and  longitudinal 
cyclic  control  necessary  to  satisfy  the  above  requirements  has 
been  made.  The  forward  and  aft  shaft  tilts  tentatively  are  * 

9  degrees  and  4  degrees  respectively.  Thus  with  no  longi¬ 
tudinal  control  input,  the  normal  hover  attitude  is  about  6 
degrees  nose-up.  As  airspeed  increases,  the  fuselage  rotates 
until  at  about  100  knots  it  is  approximately  level.  Above 
this  speed,  q-programmed  forward  longitudinal  cyclic  control 
is  input  to  both  rotors  to  maintain  an  approximately  level 
fuselage  (see  Figure  38) .  Since  the  differential  collective 
pitch  control  is  used  for  trimming  moments  due  to  variations 
in  center-of-gravity  locations,  the  data  shown  are  invariant 
with  center-of-gravity  position.  In  addition  to  providing 
attitude  control,  the  programmed  longitudinal  cyclic  reduces 
first-harmonic  longitudinal  flapping  at  airspeeds  above  100 
knots  (Figure  44) . 

For  control  of  hover  attitude,  manually  selected  aft  cyclic 

settings  of  6  degrees  per  rotor  are  provided  to  attain  a  level 

fuselage  attitude.  The  fuselage  attitude  is  independent  of 

gross  weight  and  center-of-gravity  location,  since  thrust 

vector  tilt  is  not  employed  to  balance  moments.  Rather,  a 

powerful  moment  control  is  provided  by  DCP.  The  forward  shaft 

tilt  and  hub  height  above  the  fuselage  provide  approximately 

12  degrees  of  blade-to- fuselage  clearance  in  the  aft  cyclic  v 

mode  at  zero  thrust  (coning)  to  provide  a  large  margin  of 

fuselage  clearance  in  ground  handling. 

Differential  Collective  Pitch  * 


Differential  collective  pitch  (DCP)  characteristics  have  been 
allocated  to  longitudinal  control  to  provide  satisfactory 
moment  control  of  the  helicopter  both  in  trimmed  and  maneuver¬ 
ing  flight: 
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Longitudinal  Flapping  in  Degrees  Longitudinal  Flapping  in  Degree 


FORWARD  ROTOR 


100 


Aft 


Figure  44.  Variation  of  Longitudinal  Flapping  With 
Airspeed  and  Gross  Weight. 


1. 

Kinematic 

ratio: 

forward  rotor 

1.36, 

aft 

rotor 

0.91  degree  per  inch 

2. 

DCP  blade 

travel: 

forward  rotor 
+5.0  degrees 

+7.5, 

aft 

rotor 

3. 

Total  longitudinal 

stick  travel: 

±5.5 

inches 

Because  delta-three  on  the  forward  rotor  reduces  its  change  in  » 

thrust  per  unit  change  in  collective  pitch  with  respect  to  the 
rear  rotor,  equal  DCP  kinematic  ratios  are  not  used  on  the  for¬ 
ward  and  aft  rotors  due  to  the  introduction  of  large  Z- force 
coupling  with  longitudinal  control  inputs.  A  relative  kine-  * 

matic  ratio  increase  of  50  percent  on  the  forward  rotor  was 
found  to  restore  the  coupling  to  the  same  low  level  associated 
with  the  standard  one-to-one  kinematics  used  on  a  tandem-lift 
rotor  helicopter  without  delta- three. 

The  differential  collective  blade  pitch  travel  provided  for 
the  heavy  lift  is  sufficient  to  provide  the  following  simulta¬ 
neously: 

1.  Trim  the  aircraft  in  the  most  critical  trimmed  flight 
condition  as  specified  in  MIL-H-8501A,  paragraph 
3.2.1. 

2.  Retrim  the  aircraft  in  the  event  of  longitudinal 
cyclic  trim  failure  at  the  most  critical  flight  and 
loading  condition. 

1/3 

3.  Generate  the  pitch  attitude  change  of  292/(W+1000) 
degrees  in  one  second  with  an  apparent  time  constant 
of  0.5  second,  where  W  is  the  design  gross  weight. 

The  pitch  attitude  change  described  has  a  basis  in  the  pilots'  * 

bias  toward  short  time  constants.  It  is  obtained  by  taking 

the  attitude  change  required  by  the  IFR  requirement  of  MIL-H- 

8501A  and  superimposing  the  additional  requirement  of  0.5- 

second  time  constant.  The  control  required  for  maneuver  is  * 

then  made  available  over  the  entire  operational  envelope,  not 

just  in  hover.  These  DCP  control  criteria  are  compared  with 

that  required  by  MIL-H-8501A,  paragraph  3.2.1,  in  Table  XIII. 

The  maneuver  requirement  of  MIL-H-8501A,  paragraph  3.2.13  is 
not  critical  for  longitudinal  control,  so  the  minimum  require¬ 
ment  of  the  specification  arises  from  the  critical  trimmed 
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flight  condition  (rearward  flight  at  maximum  gross  weight  and 
most  aft  eg)  plus  the  10-percent  margin  of  total  hover  moment 
control  capability.  Using  the  heavy-lift  criteria  given  in 
Table  XIII  instead,  a  large  margin  of  control  above  that  re¬ 
quired  for  critical  moment  trim  is  provided  to  ensure  full 
maneuverability  under  conditions  of  extreme  eg  locations,  as 
might  arise  with  sling-carried  or  pod-type  loads. 

TABLE  XIII 


DCP  CONTROL  REQUIREMENTS  IN  DEGREES  OF  BLADE  PITCH  TRAVEL 

ssssss  i  ~ a  a  aaesa  i  m  ■  mm  i  ,  ■  — 


MIL-H- 

8501A 

Heavy-Lift 

Criteria 

Forward 

Rotor 

Aft 

Rotor 

Forward 

Rotor 

Aft 

Rotor 

Trim 

— 

— 

3.36 

2.24 

Cyclic  Failure 

Subtotal 

Trim  and  Cyclic  Failure 

— 

— 

1.88 

1.25 

5.24 

3.49 

5.24 

3.49 

Maneuver 

— 

— 

2.18 

1.45 

10-percent  Margin 

0.58 

0.39 

— 

— 

Total 

5.82 

3.88 

7.42 

4.94 

Provided 

— 

— 

7.50 

5.00 

Enough  control  power  has  been  provided  for  the  heavy-lift  heli¬ 
copter  that  control  sensitivities  can  be  adjusted  over  a  fairly 
large  range  for  total  control  motions  within  HI  AD  limits.  The 
maximum  total  control  travel  has  been  tentatively  selected  to 
be  +5.5  inches.  This  provides  a  control  sensitivity  of  0.25, 
1/second,  (at  maximum  gross  weight)  which,  together  with  the 
SAS-augmented  damping  level  of  4,  1/second,  is  compatible  with 
NASA-Langley  recommendations  (Reference  15)  and  MIL-H-8501A 
requirements  (see  Figure  35) . 

Automatic  DCP  Trim 


To  provide  positive,  static  longitudinal  control  position 
and  control  force  stability  with  respect  to  speed 
(MIL-H-8501A,  paragraph  3.6.3),  automatic  dynamic  pressure 
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(q)  -sensed  DCP  trim  shall  be  provided.  Figure  39  shows 
plots  of  stick  position  versus  airspeed  for  two  center- 
of-gravity  locations  with  the  DCP  trim  operative  and 
inoperative.  Above  airspeeds  of  40  knots,  DCP  programmed 
as  a  function  of  q  will  be  applied  to  the  rotors  to 
maintain  positive  stick  as  airspeed  increases. 

Collective  Pitch 


The  blade  pitch  and  collective  lever  travels  have  been  selected 
to  provide  sufficient  control  of  the  helicopter  in  both  trimmed 
and  maneuvering  flight: 

1.  Forward  rotor  blade  pitch  travel  at  0.75  radius: 

0.45  to  22.95  degrees 

2.  Aft  rotor  blade  pitch  travel  at  0.75  radius:  0.75  to 
18.00  degrees 

3.  Forward  rotor  collective  kinematic  ratio:  2.50 
degrees/inch 

4.  Aft  rotor  collective  kinematic  ratio:  2.08  degrees/inch 

5.  Total  collective  lever  travel:  9.0  inches 

The  kinematic  ratio  of  the  forward  rotor  is  20  percent  higher 
than  the  aft, and, in  addition,  there  is  a  cuff  setting,  or  rig¬ 
ging  adjustments  so  that  at  full-down  collective  and  neutral 
longitudinal  stick,  the  forward  rotor  has  1.2  degrees  greater 
blade  pitch  angle  setting  than  the  aft.  These  control  kine¬ 
matics  and  cuff  setting  changes  were  found  to  provide  reason¬ 
able  trim  and  collective  positions  throughout  the  flight 
envelope.  In  level  flight,  the  DCP  airspeed  characteristics 
are  almost  identical  with  those  of  a  similar  aircraft  without 
delta-three  and  standard  kinematics  (Figure  45)  .  Moment  trim 
can  be  attained  in  high  rates  of  climb  and  autorotation  with 
virtually  no  trim  changes  in  collective  pitch  setting 
(Figure  46)  .  The  maximum  and  minimum  collective  pitch  settings 
were  determined  from  critical  trimmed  flight  conditions  as 
follows : 

Maximum  Collective  Pitch 


High  trim  collective  pitch  settings  are  required  for  high 
rate  of  climb  at  low  gross  weight.  In  order  that  perform- 


ance  in  these  flight  conditions  will  not  be  limited  by 
control  travel,  the  maximum  blade  pitch  travels  described 
previously  have  been  selected.  The  corresponding  maxi¬ 
mum  collective  lever  travel  of  9.0  inches  is  compatible 
with  the  longitudinal  and  lateral-directional  control 
motions. 

Under  static  conditions,  these  maximum  blade  pitch  set¬ 
tings  provide  a  load  factor  capability  in  excess  of  two, 
which  compares  favorably  with  existing  tandem  helicopters. 
Since  present  vehicles  have  never  lacked  sufficient  col¬ 
lective  pitch  for  maneuvers  such  as  descent-arrest  in 
autorotation  and  jump  takeoffs,  sufficient  collective 
pitch  has  been  provided  for  maneuvers. 

Minimum  Collective  Pitch 


Sufficient  down  collective  pitch  has  been  provided  sc  that 
the  helicopter  can  be  autorotated  at  rotor  speeds  up  to 
normal  rpm  for  any  reasonable  weight-empty  center-of-grav- 
ity  position  (Figure  46)  .  Thirty  knots  was  considered  to  be 
the  minimum  horizontal  ground  speed  at  which  a  pilot  would 
attempt  to  maintain  trimmed  autorotational  flight. 

The  zero-thrust  pitch  angle  for  the  rotor  blades  is  esti¬ 
mated  to  be  -0.24  degree.  At  neutral  stick  and  full- 
down  collective,  the  aft  rotor  would  be  driven  to  negative 
thrust  levels,  so  a  detent  will  be  provided  on  the  col¬ 
lective  lever  to  ensure  that  negative  rotor  thrust  is  not 
reached  during  ground  run-ups. 

Cumulative  Collective  Pitch  Control 


Cumulative  collective  limits  are  set  at  the  sum  of  full-up 
,  collective  plus  total  DCP,  and  full-down  collective  minus 

total  DCP.  This  provides  full  longitudinal  trim  and  maneuver 
capability  of  the  helicopter  under  all  conditions  of  airspeed 
and  loading  within  the  flight  envelope.  Cumulative  collective- 
♦  pitch  control  limits  at  0.75  radius  are  as  follows: 

1.  Forward  rotor:  -7.05  to  30.45  degrees 

2.  Aft  rotor:  -5.75  to  23.00  degrees 

These  limits  are  conservative  and  can  probably  be  reduced  during 
later  stages  of  design. 
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Longitudinal  Stick  Position  in  Inches 


Forward 


Aft  Airspeed  in  Knots 


NOTES : 

1.  Gross  weight  87,000  pounds 

2.  _  63  =  26.5  and  revised  kinematics 

-  63=0  and  standard  kinematics 


Figure  45.  Trimmed  Stick  Position  (Automatic  DCP  Trim  Off) 
With  and  Without  Delta-Three  on  Forward  Rotor. 
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NOTES :  I 

1.  Gross  weight  40,000  pounds 

2.  Sea  level  standard  day 

3.  Autorotation  at  30  knots 
horizontal  speed 

4.  Tip  speed  700  feet  per  second 

5.  Rotor  radius  43  feet 


.  Minimum  Collective  Pitch  Requirement. 


Figure  46 
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LATERAL  AND  DIRECTIONAL  (ROLL  AND  YAW)  CONTROL 


Lateral  Cyclic  Pitch 


The  lateral  cyclic  blade  pitch  and  stick  travels  provide  trim 
and  maneuver  capability  for  the  heavy-lift  helicopter  in  ex¬ 
cess  of  MIL-H-8501A  requirements: 


1.  Pitch  travel:  forward  rotor  +9.2,  aft  rotor  +8.0 
degrees 

2.  Kinematic  ratio:  forward  rotor  3.07,  aft  rotor  2.67 
degrees  per  inch 

3.  Total  stick  travel:  +3.0  inches 


The  use  of  delta-three  on  the  forward  rotor  reduces  lateral 
flapping,  and  hence  side  force  and  hub  moments,  for  a  given 
lateral  cyclic  control  input.  This  effect  would  introduce 
yawing-moment  coupling  with  lateral  control  inputs  if  it  were 
not  for  the  compensating  15-percent  increase  in  kinematic 
ratio  on  the  forward  rotor,  relative  to  the  aft.  This  kine¬ 
matic  change  reduces  the  coupling  over  the  speed  range  from 
0  to  130  knots  to  a  level  appropriate  to  a  tandem-lift  rotor 
helicopter  with  standard  kinematics  and  no  delta-three.  The 
lateral  cyclic  blade  pitch  travels  desc  ibed  previously  repre¬ 
sent  sufficient  control  to  satisfy  the  following  simultaneously: 

1.  Trim  the  aircraft  at  minimum  flying  weight  as  required 
in  MIL-H-8501A,  paragraphs  3.3.2  and  3.3.9 

2.  Provide  the  greater  of 


a.  30  percent  of  the  lateral  control  requirement  of 
item  1,  above 

b.  A  roll  attitude  change  of  36/ (W+1000) degrees 
in  0.5  second  with  an  apparent  time  constant  of 
0.3  second,  where  W  is  the  design  gross  weight. 

The  control  requirements  arising  from  these  specifications  and 
from  minimum  MIL-H-8501A  requirements  (paragraph  3.3.9)  are  sum¬ 
marized  in  Table  XIV.  The  maneuver  requirement  was  not  critical 
by  the  criteria  of  MIL-H-8501A.  The  critical  trimmed  flight  con¬ 
dition  occurred  in  15  degrees  sideslip  at  130  knots  at  minimum 
flying  weight,  with  center  of  gravity  70  inches  forward. 


► 


♦ 
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TABLE  XIV 

LATERAL  CYCLIC  PITCH  REQUIREMENTS  IN 
DEGREES  OF  BLADE  PITCH  TRAVEL 


MIL-H- 

Forward 

Rotor 

-8501A 

Aft 

Rotor 

Heavy-Lift 

Forward 

Rotor 

Criteria 

Aft 

Rotor 

Trim 

5.36 

4.66 

5.  36 

4.66 

Maneuver 

— 

— 

3.57 

3.10 

10-Percent  Margin 

0.59 

0.51 

— 

— 

Total 

5.95 

5.17 

8.93 

7.76 

Provided 

— 

— 

9.20 

8.00 

Because  delta-three  reduced  the  normal  90-degree  phase  lag 
between  cyclic  pitch  input  and  flapping  output,  the  controls 
have  been  rephased  to  provide  the  stick  and  pedal  symmetry 
about  zero  sideslip  shown  in  Figure  31.  Since  minimum  flying 
weight  eg  actually  lies  near  the  centerline  between  rotors, 
the  control  provided  is  conservative  due  to  the  higher  direc¬ 
tional  stability  of  the  helicopter  at  forward  eg. 

The  selection  of  a  maximum  lateral  stick  travel  of  +3.00  inches 
provides  a  control  sensitivity  compatible  with  NASA-Langley 
recommendations  (Reference  15)  and  MIL-H-8501A  specifications, 
when  the  basic  helicopter  damping  is  augmented  by  SAS  to  the 
level  shown  in  Figure  36. 

Differential  Lateral  Cyclic  Pitch 

The  following  differential  lateral  cyclic  blade  pitch  and 
rudder-pedal  travels  have  been  established: 

1.  Pitch  travel:  forward  rotor  +13.8,  aft  rotor  +12.0 
degrees 

2.  Kinematic  ratio:  forward  rotor  4.6,  aft  rotor  4.0 
degrees  per  inch 

3.  Total  pedal  travel:  +3.0  inches 
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For  the  reasons  discussed  under  lateral  cyclic  pitch,  the  for¬ 
ward  rotor  kinematic  ratio  has  been  increased  by  15  percent 
relative  to  the  aft  to  minimize  Y-force  coupling  with  pedal 
control.  The  differential  lateral  cyclic  pitch  travels  listed 
above  may  be  compared  to  the  requirements  of  MIL-H-8501A,  para¬ 
graphs  3.3.5  and  3.3.9: 

1.  Maneuver:  forward  rotor  10.925,  aft  rotor  9.5  degrees 

* 

2.  Trim:  forward  rotor  5.175,  aft  rotor  4.5  degrees 

3.  Total  requirement:  forward  rotor  10.925,  aft  rotor 
9.5  degrees 

Although  the  blade  pitch  travel  requirements  are  only  10.925 
and  9.5  degrees  for  the  forward  and  aft  rotors  respectively, 

13.8  and  12.00  degrees  are  provided  to  allow  for  control 
quickening  over  a  greater  range  of  pedal  travel. 

Both  control  power  and  control  sensitivity  are  sufficient  to 
meet  MIL-H-8501A  requirements  up  to  SAS-augmented  rate  damp¬ 
ing  levels  of  1.25,  1/second,  for  both  1-inch  and  full-throw 
pedal  inputs  (Figure  37) .  In  forward  flight  the  directional 
pedal  requirements  are  small  since  coordinated  turns  are  made 
with  lateral  stick  and  DCP.  Trimmed  sideslip  pedal  require¬ 
ments  are  modest,  even  at  an  airspeed  of  130  knots.  In  hover, 
due  to  the  tandem  configuration's  relative  insensitivity  to 
gust  disturbances,  the  need  for  large  pedal-control  inputs  is 
minimal.  However,  maneuvers  such  as  straddling  a  load  and 
acquiring  external  loads  on  cargo  slings  require  many  small, 
precise,  corrective  pedal-control  inputs.  The  response  of  the 
helicopter  to  small  directional-control  inputs  can  be  con¬ 
siderably  enhanced  by  the  use  of  a  control  guickener  to  ef¬ 
fectively  increase  the  control  sensitivity.  In  this  way 
higher  levels  of  SAS-augmented  damping  are  permissible  for  * 

the  rapid  establishment  of  steady-state  yaw  rates  without  the 
control  sluggishness  that  low  sensitivity  and  high  damping 
would  produce.  Tentative  values  of  quickened  control  sensi¬ 
tivity  and  SAS-augmented  damping  which  satisfy  MIL-H-8501A  * 

requirements  are  shown  in  Figure  37.  A  more  detailed  investi¬ 
gation  of  the  overall  helicopter  dynamics  is  required  before 
the  desired  levels  can  be  specified. 

Cumulative  Lateral  Cyclic  Pitch 

Since  flight  conditions  requiring  the  full  limit  of  lateral 
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stick  and  pedal  travel  simultaneously  do  not  arise,  a  cumula¬ 
tive  limit  is  provided  on  the  lateral  directional  controls  to 
prevent  overdesign  of  the  actuators  (Figure  33) .  The  cumula¬ 
tive  limits  provide  a  margin  of  control  at  the  critical  trim¬ 
med  flight  condition  (sideslip  at  130  knots)  which  exceeds  Mllr* 
H-8501A  requirements.  Because  of  the  inherent  static  stability 
of  the  airframe,  the  stick  and  pedal  controls  subtract  on  the 
forward  head  in  the  sideslip  flight  condition,  thus  allowing 
proportionately  smaller  cumulative  limits. 

CUMULATIVE  COLLECTIVE  AND  CYCLIC  PITCH 

The  combined  cumulative  collective  and  cyclic  blade  pitch 
travels  will  be  limited  to  60  degrees  of  total  travel  on  each 
rotor,  as  shown  in  Figure  34,  so  that  the  blade  pitch  travels 
and  actuators  will  not  be  overdesigned  to  provide  control  that 
will  never  be  demanded  in  actual  flight  conditions.  (The  need 
for  full  pedal,  lateral  and  longitudinal  stick  and  lateral  and 
longitudinal  cyclic  controls  simultaneously  is  unlikely.)  The 
cumulative  limit  provided  is  conservative  and  will  be  revised 
downward  as  further  study  of  large  perturbation  maneuvers 
warrants. 

HOVER  ATTITUDE  CONTROL 


Figure  47  shows  the  hover  attitude  control  features  (independ¬ 
ent  of  center-of-gravity  location)  of  the  tandem-lift  rotor 
helicopter. 

EVALUATION  OF  THE  HINGELESS  SEMIRIGID  ROTOR 


A  preliminary  study  has  been  conducted  to  determine  whether  a 
hingeless  semirigid  rotor  offers  any  significant  control  ad¬ 
vantages  over  a  conventional  articulated  system.  For  this 
purpose,  estimates  of  the  control  sensitivities  of  each  were 
based  on  the  "STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS".  The 
geometric  characteristics  of  both  rotors  are: 

1.  Radius  43  feet 

2.  Chord  3.5  feet 

3.  Thickness/chord  ratio  0.12 

4.  Blade  cutout  20- percent  radius 

The  flapping  stiffness  variation  with  radius  for  the  hingeless 
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semirigid  rotor  is  shown  in  Figures  105  and  108.  The  stiffness 
of  the  inboard  20-percent  radius  is  13  x  108  pound  inches 
squared.  The  articulated  blade  has  identical  physical  proper¬ 
ties  but  with  a  flapping  hinge  at  the  8-percent  radius  station. 
No  pitch-flap  coupling  (delta-three)  was  used  on  either  con¬ 
figuration.  The  estimated  control  sensitivities  (in  radians 
per  second  squared  per  degree  of  blade  pitch)  for  semirigid  and 
articulated  rotors  at  120  knots  are  as  follows: 


1. 

Pitch: 

semirigid 

0.390, 

articulated 

0.390 

2. 

Roll: 

semirigid 

0.960, 

articulated 

0.290 

3. 

Yaw: 

semirigid 

0.044, 

articulated 

0.035 

Longitudinal  (Pitch)  Control 

* 

For  the  purpose  of  this  study  it  was  assumed  that  both  con¬ 
figurations  obtain  pitching-moment  control  through  differen¬ 
tial  collective  pitch.  With  this  control  scheme,  the  incre¬ 
mental  hub  moments  are  equal  and  opposite,  and  so  are  reacted 
within  the  airframe  structure.  Thus,  both  the  articulated  and 
semirigid  rotor  configurations  possess  about  the  same  control 
sensitivity.  Attitude  control  at  high  airspeeds  is  provided 
through  q- sensed  longitudinal  cyclic  pitch  controlling  the 
orientation  of  the  rotor  thrust  vectors.  Because  of  the  large 
nose-down  hub  moments  induced  by  the  cyclic  pitch,  the  aft  dif¬ 
ferential  collective  pitch  requirements  for  the  semirigid  rotor 
will  be  considerably  higher  than  for  an  articulated  rotor  at 
high  speed. 

As  an  alternative,  the  large  hub  moments  associated  with  the 
semirigid  rotor  could  be  used  to  generate  moment  control  through 
longitudinal  cyclic  pitch.  However,  this  control  scheme  would 
require  the  use  of  external  movable  stabilizers  for  attitude 
control  at  high  speed. 

A  workable  longitudinal  control  scheme  would  probably  consist 
of  DCP  as  well  as  longitudinal  cyclic  pitch  operated  by  the 
stick,  in  addition  to  q-sensed  longitudinal  cyclic  pitch.  This 
dual  moment  control  is  required, . not  to  provide  an  adequate 
level  of  moment  control,  but  rather  to  permit  both  moment  and 
attitude  control  at  all  airspeeds  without  the  use  of  movable 
aerodynamic  surfaces. 

Lateral  (Roll)  Control 

Roll  control  for  the  semirigid  rotor  system  is  provided  by 
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Figure  47.  Hover  Attitude  Control. 
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lateral  cyclic  pitch.  In  addition  to  the  roll  moment  provided 
by  lateral  thrust  vector  tilt,  the  large  hub  moments  of  each 
rotor  add  up  to  more  than  three  times  the  control  sensitivity 
of  the  articulated  system.  Since  the  articulated  system  pro¬ 
vides  satisfactory  roll  control,  the  semirigid  rotor  would 
probably  be  desensitized  for  good  handling  qualities  and  to 
provide  roll  control  power  and  sensitivity  compatible  with  the 
pitch  control  capabilities. 

Directional  (Yaw)  Control 

As  with  the  articulated  rotor,  yaw  control  is  provided  through 
differential  lateral  cyclic  pitch  changes  between  the  forward 
and  aft  rotors.  Since  hub  moments  are  reacted  internally, 
they  produce  virtually  no  increase  in  yawing  moment  capability. 
Yaw  control  sensitivity  is,  however,  augmented  by  a  higer 
lateral  thrust  rotor  vector  tilt  per  unir.  of  lateral  cyclic 
control.  This  is  probably  attributable  to  blade  curvature 
effects. 

Control  Power  and  Sensitivity 

From  a  control  power  standpoint,  the  semirigid  rotor  could  be 
used  on  the  heavy-lift  helicopter  but,  using  DCP  control,  no 
significant  increase  in  pitch  control  power  will  be  obtained 
with  it.  The  roll  control  sensitivity  is  so  high  that  desensi¬ 
tizing  would  probably  be  necessary  for  good  handling  character¬ 
istics.  Although  there  is  a  small  increase  in  yaw  control 
sensitivity,  this  must  be  considered  in  the  light  of  the  ob¬ 
vious  structural  and  fatigue  penalties  associated  with  the 
hub  moments,  which  are  higher  than  those  observed  on  the  artic¬ 
ulated  rotor  (see  Figures  110,  115,  116,  118,  123,  and  124). 

ANALYSIS  OF  STALL  FLUTTER  AND  FLAP- LAG  INSTABILITY 


The  maximum  speed  of  many  present  and  past  helicopters  has 
been  limited  not  by  power  available  but  by  increases  in  control 
loads  or  vibration  levels,  usually  referred  to  loosely  as 
retreating-blade  stall.  Recent  research  has  shown  that  these 
phenomena  are  frequently  due  to  two  types  of  limit-cycle  os¬ 
cillatory  motion  triggered  by  operation  with  significant  areas 
of  stalled  flow  on  the  rotor  blade.  Neither  type  is  divergent, 
but  both  can  build  up  to  limit-cycle  amplitudes  sufficient  to 
cause  high  stresses  or  vibration.  The  first  type  is  stall 
flutter.  This  can  occur  over  a  limited  azimuth  range  in  the 
retreating  quadrants.  The  second  is  the  coupled  flap-lag 
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oscillation  described  in  Reference  26 


The  heavy- lift  helicopter  rotor  configuration  has  been  analyzed 
specifically  for  stall  flutter  and  flap-lag  instability  charac¬ 
teristics.  Forward  and  aft  rotors  have  been  analyzed  for  two 
flight  configurations  on  the  proposed  operating  boundary,  and 
in  one  of  these  the  effect  of  blade  twist  was  evaluated  by 
computing  four  different  blade- twist  values.  It  must  be  appre¬ 
ciated  that  the  programs  used  for  both  analyses  are  in  ad¬ 
vanced  states  of  preparation  but  are  not  completed.  However, 
a  correlation  with  CH-47A  data  which  is  under  way  shows  suffi¬ 
cient  agreement  for  both  stall  flutter  and  flap- lag  instability 
to  justify  the  use  of  these  computer  programs  in  first-order 
predictions  of  these  phenomena  for  the  heavy-lift  helicopter. 

The  stall  flutter  analysis  predicts  pitch-link  loads  which 
show  little  influence  from  negative  damping,  indicating  that 
stall  flutter  should  not  be  a  problem  on  this  aircraft.  The 
alternating  pitch-link  loads  used  for  the  design  study  were 
derived  in  the  STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS. 

The  flap-lag  instability  of  the  same  configuration  assumed 
lag  damping  nondimens ionally  scaled  from  the  CH-46A  and  showed 
a  well-damped  response  to  a  gust  input  with  no  indication  of 
limit  cycle  1/3  per  revolution  lag  motion. 

Stall  Flutter 


The  pitch-link  load  was  taken  as  the  indicator  for  the  presence 
of  stall  flutter,  since  it  provides  the  reaction  for  blade  tor¬ 
sion.  While  the  analysis  method  described  in  the  STATIC  AND 
DYNAMIC  STRUCTURAL  ANALYSIS  gives  good  agreement  with  test  data 
for  peak-to-peak  values  of  pitch-link  load,  it  can  not  handle 
the  negative  damping  effects  which  promote  stall  flutter. 
Therefore,  a  new  analysis  method  was  developed.  The  method  of 
computation  was  by  the  serial  use  of  the  separate  computing 
programs: 
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The  input  data  used  to  define  the  heavy-lift  helicopter  configu¬ 
ration  and  the  flight  conditions  are  listed  in  Table  XV. 

Pitch-link  loads  for  the  87,000-pound  gross  weight  are  shown 
in  Figure  48;  those  for  the  75,700-pound  gross  weight  are 
shown  in  Figure  49.  Forward  and  aft  rotor  pitch-link  load 
time  histories  of  blades  with  a  twist  of  -10  degrees  are  illus¬ 
trated  for  the  following  flight  conditions s 


1. 

2. 


Gross  weight  87,000  pounds 

(Figure  48) 


Center-of -gravity 

location  8  inches  forward 


75,000  pounds 
(Figure  49,  Sheets 
3  and  4) 

8  inches  forward 


3.  Altitude  0 


5000  feet 


4.  True  airspeed  165  knots 


155  knots 


The  alternating  loads  in  the  fourth  quadrant,  where  stall 
flutter  might  occur,  are  small  compared  to  the  advancing  side 
of  the  blade,  which  experiences  a  heavy  nose-down  moment  that 
dominates  the  peak*  to-peak  loading.  For  the  forward  rotor 
of  the  75,700-pound  configuration  (Figure  49,  except  Sheet  4) 
some  reduction  of  the  oscillatory  response  with  increased 
twist  is  evident;  but  the  peak-to-peak  alternating  load  is 
always  dominated  by  the  advancing  blade  and  is  practically 
unchanged. 

All  the  time  histories  demonstrated  similar  behavior,  and  that 
of  Figure  48,  Sheet  1,  was  further  analyzed  to  investigate  the 
nature  of  the  response.  The  angle-of-attack  distribution  is 
shown  in  Figure  50,  and,  since  angles  greater  than  10  degrees 
can  cause  negative  pitch  damping,  it  is  seen  that  most  of  the 
retreating  side  can  be  a  negative  damping  region.  The  local 
pitching  moment  is  shown  in  Figure  51,  and  this  is  seen  to  be 
dominated  by  large  negative  values  in  the  region  of  the  ad¬ 
vancing  blade  tip  (note  the  uneven  contours) .  This  results 
from  an  aft  shift  of  the  center  of  pressure  caused  by  the 
relatively  high  Mach  number  (0.85)  in  this  area.  Elsewhere, 
the  moment  distribution  is  relatively  smooth  and  almost  entirely 
nose-down.  The  spanwise  integration  is  plotted  at  the  center 
of  the  diagram  and  also  in  Figure  48,  Sheet  1.  The  distribu¬ 
tion  of  aerodynamic  pitch  damping  (Figure  52)  is  typically 
heavily  positive  on  the  advancing  side  and  just  negative  over 
approximately  50  percent  of  the  retreating  side.  The  spanwise 
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integration  is  also  plotted  in  the  center  of  the  diagram.  The 
integrated  moment  represents  what  the  pitch-link  load  would  be 
if  the  blade  was  inertialess;  the  integrated  damping  is  the 
total  pitch  damping  that  a  rigid  blade  would  experience  in 
pitch  at  each  azimuth.  It  is  concluded  that  the  total  pitch- 
link  load  oscillatory  response  is  primarily  caused  by  the  ir¬ 
regularities  in  the  applied  aerodynamic  moment  rather  than 
negative  damping.  The  pitch-link  load  would  probably  not  be 
greatly  different  if  the  damping  never  went  negative  at  all 
but  just  remained  low  and  positive,  indicating  freedom  from 
a  stall-flutter  problem. 

To  aid  in  the  interpretation  of  the  heavy-lift  helicopter 
analysis,  a  high-speed  CH-47A  case  is  now  illustrated  by  the 
same  steps  (see  Figures  53  through  56).  In  Figure  53,  a  par¬ 
ticular  test  case  was  analyzed  and  compared  with  the  predicted 
pitch-link  load  and  with  the  integrated  moment.  Although  not 
closely  similar  to  the  test  curve,  the  prediction  does  show 
similarity  in  the  peak-to-peak  load  and  in  the  nature  of  the 
curve.  The  CH-47A  used  a  symmetrical  airfoil  rather  than  the 
drooped-nose  version  used  on  the  heavy-lift  helicopter,  and 
therefore  it  stalls  about  2  degrees  earlier.  The  angle-of- 
attack  contours  for  the  CH-47A  (Figure  54)  show  considerably 
more  stall  than  those  for  the  heavy-lift  helicopter  (note  the 
opposite  sense  of  rotation) .  The  largest  difference  between 
the  two  aircraft  appears  in  the  applied  moment  distribution. 

The  CH-47A  with  pitch  axis  at  19-percent  chord  experiences 
moment  fluctuations  all  around  the  disc;  the  heavy-lift  heli¬ 
copter  with  pitch  axis  at  25-percent  chord  is  relatively  smooth, 
except  that  the  advancing  tip  experiences  high  Mach  numbers. 

The  damping  contours  for  the  CH-47A  show  a  larger  area  subject 
to  negative  damping  and  larger  negative  values,  compared  to  the 
maximum  positive  values  on  the  advancing  side  of  the  disc. 

Flap-Lag  Instability 

The  Flap-Lag  Instability  Program  represents  a  three-bladed 
rotor,  in  which  each  blade  is  rigid  and  has  individual  flap  and 
lag  freedoms,  and  the  hub  has  vertical,  lateral  and  longitudi¬ 
nal  freedoms.  It  is  a  modification  of  the  helicopter  stability 
program.  It  uses  uniform  downwash,  table  look-ups  for  aero¬ 
dynamic  forces,  moments,  and  lag  damper  loads,  and  it  makes  no 
small-angle  assumptions. 

The  cases  analyzed  for  stall  flutter  were  also  analyzed  for 
flap-lag  instability.  A  2100- foot-pound  friction  lag  damper 
was  used.  Different  effective  masses  were  used  for  the  three 
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directions  in  which  the  rotor  can  move?  for  the  seven  cases, 
these  were: 

1.  Mx,  My,  and  Mz  =  1130,  760,  and  1470  slugs 

2.  Mx,  My,  and  Mz  =  790,  246,  and  1530  slugs 

3.  Mx,  My,  and  Mz  =  1140,  710,  and  1290  slugs 

4.  Mx,  My,  and  Mz  =  1140,  710,  and  1293  slugs 

5.  Mx,  My,  and  M2  =  1140,  710,  and  1299  slugs 

6.  Mx,  My,  and  Mz  =  747,  223,  and  1372  slugs 

7.  Mjj,  My,  and  Mz  =  1140,  710,  and  1295  slugs 

For  the  CH-47A,  the  1100- foot-pound  preload  production  lag 
damper  was  used.  The  effective  masses  were  M^  My,  and  Mz  = 
510,  450,  and  525  slugs,  respectively.  The  remaining  input 
data  were  as  for  stall  flutter.  Figure  57  shows  the  flap  and 
lag  response  to  a  gust  input  (Figure  58).  For  the  first  0.5 
second  of  the  record,  the  steady-state  response  is  seen.  A 
20-foot-per-second  vertical  gust  is  then  applied  for  1  second, 
and  the  mean  lag  angles  suffer  a  disturbance  at  the  rigid  lag 
frequency.  The  disturbance  damps  rapidly,  and  during  this  time 
the  peak-to-peak  flapping  does  not  change  significantly.  From 
Figure  59,  the  effect  of  increasing  twist  is  seen  to  be  slight 
but  beneficial  in  that  both  peak-to-peak  and  mean  lag  angles 
are  reduced.  As  with  the  stall-flutter  analysis,  the  heavy- 
lift  helicopter  data  was  compared  to  the  CH-47A  case  (Figure  60) 
subjected  to  the  same  20-foot-per-second  gust.  The  lag  response 
(as  a  percentage  of  the  mean  angle  from  0  degrees,  the  auto¬ 
rotation  position)  is  significantly  greater  than  that  for  the 
heavy-lift  helicopter,  and  the  peak-to-peak  flapping  almost 
doubles  as  a  result  of  the  gust.  Thus,  the  heavy-lift  helicop¬ 
ter  is  expected  to  be  significantly  more  damped  than  the  CH-47A. 

Conclusions 

The  analysis  shows  that  the  heavy-lift  helicopter  rotor  blade 
should  not  be  critical  for  stall  flutter  when  flying  at  maximum 
performance  (87,000  pounds,  sea  level,  165  knots;  or  75,700 
pounds,  5000  feet,  155.5  knots).  This  conclusion  should  be  re¬ 
viewed  in  the  light  of  further  development  of  stall  flutter 
technology  currently  being  investigated. 

Peak-to-peak  control  loads  will  be  high  on  the  advancing  side. 
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due  not  to  stall  flutter  but  to  the  high  Mach  number  at  which 
the  tip  will  be  flying. 

The  rotor  will  be  well-damped,  compared  to  the  CH-47A,  with 
respect  to  flap- lag  instability  motions  induced  by  gusts  or 
other  disturbances. 
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Figure  48.  Pitch-Link  Load  at  87,000  Pounds  Gross  Weight 
(Sheet  1  of  2) 
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Figure  48.  Pitch-Link  Load  at  87,000  Pounds  Gross  Weight 
(Sheet  2  of  2) 
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Figure  49.  Pitch-Link  Load  at  75,700  Pounds  Gross  Weight. 
(Sheet  1  of  5) 
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Figure  49.  Pitch-Link  Load  at  75,700  Pounds  Gross  Weight. 
(Sheet  2  of  5) 
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Figure  49.  Pitch-Link  Load  at  75,700  Pounds  Gross  Weight 
(Sheet  3  of  5) 
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Figure  49.  Pitch-Link  Load  at  75,700  Pounds  Gross  Weight. 
(Sheet  4  of  5) 
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Figure  49.  Pitch-Link  Load  at  75,700  Pounds  Gross  Weight. 
(Sheet  5  of  5) 


NOTES  j  if>  =  0 

1.  Forward  rotor  of  heavy- lift  helicopter 

2,  Gross  weight  87,000  pounds;  eg  8  inches 
forward 

Airspeed  165  knots;  155  rotor  rpm 


3. 

4. 

5. 


®TW  =  "10  degrees 
Hp  =  HD  =  0 


Reverse  flow  region 


Figure  50.  Forward  Rotor  Angle-of-Attack  Contours. 
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NOTES:  iji  =  0 

1.  Forward  rotor  of  heavy-lift  helicopter 

Gross  weight  87,000  pounds;  eg  8  inches  forward 
Airspeed  165  knots;  155  rotor  rpm 

Reverse  flow  region 


2. 

3. 

4. 

5. 


fiTW  =  -10  degrees 
HP  =  hd  =  0 


Figure  51.  Forward  Rotor  Local  Aerodynamic  Moment 
Contours. 
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NOTES :  $  =  0 

1.  Forward  rotor  of  heavy-lift  helicopter 

Gross  weight  87,000  pounds;  eg  8  inches  forward 
Airspeed  165  knots;  155  rotor  rpm 


2. 

3. 

4. 


5. 


0  =  -10  degrees 

TW  * 

Hp  =  HD  =  0 


Reverse  flow  region 


%%  Negative  aerodynamic  damping 


Figure  52.  Forward  Rotor  Local  Aerodynamic  Damping 
Contours . 
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1.  Aft  rotor  of  CH-47A  helicopter 

2.  Gross  weight  28,240  pounds;  eg  16.7  inches  aft 

3.  Airspeed  147  knots;  230  rotor  rpm 

4.  0^  =  -9  degrees  Reverse  flow  region 

5.  H  =  5000  feet 

6.  Trim  3/5 

Figure  54.  CH-47A  Aft  Rotor  Angle-of-Attack  Contours. 
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*  =  180 


NOTES:  ♦  “  0 

1.  Aft  rotor  of  CH-47A  helicopter 

2.  Gross  weight  28 , 240  pounds;  eg  16.7  inches  aft 

3.  Airspeed  147  knots;  230  rotor  rpm 

4.  0TW  =  -9  degrees  §11|§  Reverse  flow  region 

5.  HD  =  5000  feet 

6.  Trim  3/5 

Figure  55.  CH-47A  Aft  Rotor  Local  Aerodynamic  Moment 
Contours. 
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FORWARD  ROTOR 
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Figure  57.  Coupled  Flap  and  Lag  Motions  at  87,000  Pounds 
Gross  Weight.  (Sheet  1  of  2) 

139 


(X)  0I1VV  NOUN  I 


*313t 


kliVtVilMHHUfcKllilMKir 


ROTOR 


CN  O 


saaj6aa 

B  «  »  fM  O  IN  ^ 


£ 

< 


■ 

m 

IP 

5 

rm 

V 

V 

B 

V 

IV 

V 

■ 

V 

V 

■ 

■ 

■i 

l?fl 

1$ 

9 

■ 

IV 

IV 

■ 

■ 

■ 

■i 

■r 

1 3 

IB 

V 

V 

fl 

P 

.V 

ip 

IB 

IV 

fl 

IV 

■ 

■ 

■i 

Lfl 

V 

V 

V 

IP 

2 

IP 

■ 

13 

frjK 

v 

m 

P 

1 

P 

V 

■ 

■ 

■ 

■ 

fll 

■1 

£ 

■ 

i 

V 

V 

5 

2 

■ 

V 

V 

1 

■ 

V 

fl 

p 

P 

m 

fl 

V 

L 

v; 

'  A  « 

2 

■ 

i 

9 

ii 

fl 

V 

■ 

■ 

fl' 

«■ 

V 

V 

2 

fl 

■ 

■ 

■1 

Iiv 

2 

M 

p 

IV 

V 

■ 

Vi 

Ik 

2 

i 

V 

V 

IB 

V 

IP 

V 

fl 

V 

■ 

■ 

2 

v' 

n 

«■ 

ii 

s 

s 

1 

3 

fl 

s 

V 

V 

V 

2 

■ 

ri 

V 

V 

V 

V 

V 

V 

H 

V 

B 

V 

■ 

■ 

n 

V 

2 

P 

V 

B 

V 

B 

V 

■ 

■ 

ii 

V 

V 

p 

p 

m 

SI 

B 

V 

fl 

V 

■ 

1  Ta 

fc 

V 

V 

i 

1 

B 

V 

B 

■ 

■ 

II 

V 

V 

V 

2 

9 

P 

p 

fl 

V 

B 

V 

■ 

■ 

■i 

11 

V 

V 

p 

■ 

J 

1 

V 

V 

■ 

■ 

Bi 

IE 

m 

V 

V 

■ 

B 

fl 

V 

fl 

V 

■ 

n 

■1 

IV 

V 

s 

s 

p 

i 

i 

V 

B 

V 

■ 

* 

IV 

p 

P 

* 

u 

fl 

B 

■ 

■1 

IE 

Si 

p 

V 

V 

V 

s 

i 

i 

B 

B 

B 

fl 

■ 

i: 

VI 

IV 

V 

V 

p 

V 

B 

V 

B 

fl 

■ 

■ 

m: 

tp 

V 

V 

V 

V 

p 

V 

B 

V 

B 

■ 

■ 

r: 

p 

V 

V 

V 

p 

V 

i 

B 

V 

B 

■ 

■ 

■ 

HI 

IV 

s 

2 

3 

p 

V 

V 

B 

B 

B 

■ 

■ 

ii 

m 

V 

V 

V 

V 

B 

V 

■ 

■ 

fl! 

S 

■ 

p 

p 

p 

E 

B 

fl 

■ 

■ 

■1 

Am 

9 

V 

V 

V 

■ 

■ 

■ 

■1 

43 

V 

ii 

P 

Pi 

fl 

B 

■ 

■ 

■ 

fl! 

r*_kfc| 

■i 

V 

B 

V 

VI 

■ 

■ 

VI 

IVi 

■w 

2 

PI 

BI 

m 

3 

V 

Bi 

■ 

s 

'1 

vi 

vi 

V 

Bi 

p 

V 

V 

V 

l1 

11 

pI 

S; 

pi 

PBI 

fl 

VI 

V 

■1 

ir 

IVi 

si 

g 

fci 

PPI 

VI 

VI 

VI 

■i 

■ 

31 

r 

r 

TT 

n: 

L  , 

rr  n 

tt 

Lx_ 

r 

— i  f 

i 

IT: 

r- 

_!  L 

i_  -- 

r 

_r 

i 

i 

_L 

1 

— 

— 

i~ 

_ 

■>  • 
2***  * 
i^»  ■• 
2»« 

■l 

■■ft 

i»4 

&' 

2: 

L;1 


E: 

S*1 

S51 

S** 

Eg 

El 


< - 1 - 1 - 1 


>  i  i _ i _ i  i  i  i 


0V1  • 
d\nd  — 

-SMVIQV*  - 

snoiioh  sons 


V 

8 


-  swiav*  - 

X3VLLV  JO  319NV 
dll  30*18 


(rt)  01 IV*  30KYAQV  • 

i - i—  i - 1 - ■ 


ft)  01 IV*  MOldNI  — 


*313 


Figure  57 
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Coupled  Flap  and  Lag  Motions  at  87,000  Pounds 
Gross  Weiqht.  (Sheet  2  of  2) 
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Figure  59. 
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Coupled  Flap  and  Lag  Motions  at  75,700 
Gross  Weight.  (Sheet  1  of  5) 
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Figure  59.  Coupled  Flap  and  Lag  Motions  at  75,700  Pounds 
Gross  Weight.  (Sheet  2  of  5) 


(x)  onva  mc 


FORWARD  ROTOR 


saajSaa 


Figure  59. 


e\n  • 
oru  — 

*  SNVIQVO  - 
SNOliOH  30V1I 


-  SNVIQVO  - 
30  318NV 
311  3QY18 


Coupled  Flap  and  Lag  Motions  at  75,700 
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Figure  59.  Coupled  Flap  and  Lag  Motions  at  75,700  Pounds 
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STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS 
OF  THE  ARTICULATED  ROTOR 


This  study  of  the  structural  integrity  of  the  articulated 
rotor  system  includes  a  structural  analysis  of  the  hub,  the 
upper  controls,  and  three  blade  designs.  Although  the  fuse¬ 
lage  structure  had  not  been  defined,  a  dynamics  evaluation 
of  hub  shaking  forces  was  made  and  fuselage  response  to  the 
forces  was  estimated.  Projected  measures  to  reduce  vibration 
were  reviewed.  The  analytical  methods  and  justification  for 
them  are  explained  in  the  descriptions  of  the  respective 
studies. 

Three  blades  were  studied  for  the  articulated  rotor:  a  fiber¬ 
glass  plastic  C-spar  blade,  a  metal  D-spar  high-stiffness 
blade,  and  a  metal  low-stiffness  blade  which  conceivably 
would  be  a  hexagonal- spar  blade.  The  margins  between  allow¬ 
able  loads  and  predicted  loads  for  these  blades  have  been 
estimated.  For  the  fiberglass  plastic  blade,  considerable 
margin  exists  for  loads  in  any  flight  regime  at  speeds  inves¬ 
tigated  up  to  165  knots.  For  the  metal  high-stiffness  blade, 
adequate  margin  exists  for  speeds  up  to  140  knots.  The  metal 
low-stiffness  blade  has  adequate  margins  up  to  165  knots  but 
not  as  large  as  those  of  the  fiberglass  plastic  blade.  The 
detuning  of  blade  natural  frequencies  away  from  operating 
frequencies  is  accomplished  in  the  plastic  blade  by  varying 
strength  and  elasticity  independently  by  the  selective  orien¬ 
tation  of  structural  fibers.  The  metal  high- stiffness  blade 
is  detuned  by  antinodal  placement  of  a  mass  inside  the  D-spar? 
the  metal  low-stiffness  blade  is  detuned  by  varying  the  height 
of  the  spar.  The  effect  of  blade  twist  on  margins  has  been 
analyzed.  The  margins  quoted  above  are  based  on  a  twist  of 
-12  degrees;  a  final  selection  of  -9  degrees  for  vibration 
reasons  will  give  additional  margins. 

A  possible  correlation  between  loads  and  blade  mean  coning 
angles  has  been  noted.  Vertol  Division  anticipates  a  cause- 
and-effect  relationship  here,  but  until  this  is  proven, 
historical  coning  angles  of  successful  helicopters  must  be  a 
basic  criterion  for  detuned  blade  systems,  along  with  static 
deflection  and  fuselage-clearance  criteria.  The  bearing 
elements  have  been  designed  for  3600  hours'  service  life  and 
1200  hours  between  major  overhauls.  An  analysis  of  the  tension- 
torsion  bar  also  indicates  adequate  margins.  Comparison  of 
blade  pitching  moments  and  allowable  pitch-link  loads  shows 
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margins  up  to  165  knots.  The  swashplate  lower  bearing  has 
been  shown  in  Table  V  to  have  a  B^o  life  of  2646  hours. 

As  is  the  case  with  many  other  helicopters,  the  cockpit  vibra¬ 
tion  levels  predicted  for  the  heavy- lift  helicopter  do  not 
meet  specification  MIL-H-8501A,  but  they  approximate  the 
vibration  levels  of  existing  helicopters,  which  indicates  com¬ 
pliance  with  the  state  of  the  art.  As  with  other  helicopters 
using  antivibration  devices,  or  being  tested  to  use  them,  the 
heavy-lift  helicopter  is  expected  to  meet  and  surpass  the 
vibration  level  requirements  of  MIL-H-8501A. 

METHODOLOGY  AND  APPROACH  TO  STRESS  ANALYSIS  OF  ROTOR  BLADES 


The  basic  methods  used  for  rotor  blade  analysis  are  discussed 
here.  The  loading  data  are  presented  with  the  allowable  loads 
so  that  critical  areas  and  design  airspeeds  can  be  identified. 

Centrifugal  force,  bending,  and  torsional  moments  acting 
upon  the  rotor  blade  are  calculated  for  high-speed  level 
flight,  ground  flapping,  and  maneuver  flight.  The  maneuver 
conditions  chosen  are  selected  to  represent  the  most  critical 
design  conditions  specified  in  MIL-S-8698.  The  specific  design 
conditions  are  shown  in  Table  XVI. 

The  loads  applied  to  the  rotor  blade  during  the  critical  con¬ 
ditions  are  calculated  by  the  Leone-Myklestad  method,  and, 
where  necessary,  empirical  factors  are  applied  to  these  loads 
to  ensure  that  they  will  envelop  the  predicted  top  of  actual 
load  scatter.  The  Leone-Myklestad  method,  using  nonuniform 
downwash  distribution  (References  8,  9,  and  10),  has  been 
developed  over  the  years  and  has  been  shown  to  be  in  close 
agreement  with  test.  The  blade  structure  is  analyzed  individ¬ 
ually  for  blade  loadings,  and  then  the  individual  stresses  are 
superimposed  (phase  relationships  and  other  factors  are  con¬ 
sidered)  to  give  a  resultant  critical  stress  at  each  blade 
section.  The  loadings  (bending  moment  in  flapping  and  chord- 
wise  planes,  centrifugal  force,  twisting  moment,  transverse 
shear  in  plane  of  flapping  moment,  and  local  chordwise  pressure 
loadings  at  critical  blade  stations)  are  investigated  over  a 
wide  range  of  flight  and  ground  contions,  for  the  most  adverse 
gross  weight  and  center-of-gravity  conditions.  The  blade 
structure  is  analyzed  for  the  worst  of  these  conditions  for 
both  the  fatigue  and  ultimate  loads. 
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Notes 

1.  For  maneuver  conditions,  sufficient  control  is  applied  to 
obtain  the  limit  load  factor  at  the  eg 

2.  The  fatigue  and  limit  load  conditions  are  to  be  investi¬ 
gated  for  both  basic  design  and  design  alternate  gross 
weights;  eg  positions  most  forward  or  most  aft,  whichever 
is  critical. 

3.  At  basic  design  gross  weight:  87,000  pounds.  (Cg  load 
factor  of  2.0  at  design  alternate  gross  weight: 

108,750  pounds.) 

4.  Minimum  and  maximum  rotor  speeds  to  be  consistent  with 
power-on  or  power-off  conditions. 

5.  Vertical  acceleration  of  2.67g  on  the  rotor  blade  when 
it  is  in  the  normal  static  droop  position  against  the 
droop  stop. 

6.  1.5  times  the  maximum  torque  resulting  from  the  following 
starting  procedure:  with  the  free  turbine  at  ground  idle, 
the  rotor  brake  is  released  and  the  rotor  brought  up  to 
ground  idle  speed;  the  throttle  is  then  advanced  to  flight 
position,  accelerating  the  rotors  to  normal  rpm  (Nfj) . 

7.  1.5  times  the  maximum  torque  of  the  engines  shall  be 
resisted  by  six  blades.  Blade  in  the  autorotative 
position.  Forward  speed  =  Rotor  speed  =  Njg 

8.  2.0  times  the  maximum  torque  which  can  be  applied  by  the 
rotor  brake  shall  be  resisted  equally  by  six  blades. 

Rotor  speed  =  Njj 


Condition 


Limit  Maneuver  Condit 
Symmetrical  dive 
and  pullout,  power 
on 


Symmetrical  dive 
recovery  from 
pullout,  power  on 

Symmetrical  dive 
and  pullout, 
autorotation 

Symmetrical  dive 
recovery  from  pull¬ 
out,  autorotation 

Limit  Gust  Condition 
Limit  gust  velocity 
Max.  level  fit.  speed 


Fatigue  Condition 
Refer  to  Table  XII 

Special  Conditions 
Ground  flapping 
Starting 
Shock  torque 
Rotor  braking 
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TABLE 

 ROTOR  BLADE  STRUCTURAL  I 


Ref.  Para. 

in  MIL-S-  Fwd  Rotor 

8698  Speed  Speed 


euver  Conditions 
al  dive  3. 2. 2. 3 

ut#  power 


al  dive  3. 2. 2. 3  VD  NN 

from 

power  on 

al  dive  3. 2.4.1'  Vd  Nl 

ut,  * 

ion 

al  dive  3. 2. 4.1  VD  NL& 

from  pull- 

rotation 

t  Condition 

t  velocity  3.2.5  VH  Njj  to 

L  fit.  speed  NL 


>ndition 

?able  XII  3. 2. 2. 2 


editions 

ipping  3.4.6. 2 

3.3.1 

3.3.1 

3.3.2 


ue 

ing 


CONDITIONS 


Altitude 

Load 
Factor 
at  cq 

Rotor  Torque 
Distribution 

Sea  level 

2.5  3 

50/50 

Sea  level 

2.5  3 

40/60 

Service 

ceiling 

2.5  3 

0 

Service 

2.5  3 

0 

ceiling 


Sea  level  As  50/50 

calcu¬ 
lated 


0  © 


Physical  and  Dynamic  Properties 


Although  the  properties  presented  are  based  on  the  preliminary 
design  feasibility  effort,  the  final  design  will  optimize  the 
following  structural  characteristics: 

o 

1.  Blade  weight 

2.  Centrifugal  force 

3.  Coning  angle 

4.  Lag  angle 

5.  Static  deflection 

6.  Flapwise  natural  frequency  (0,  1,  2,  3  modes) 

7.  Chordwise  natural  frequency  (0,  1,  2,  3  modes) 

8.  Torsional  natural  frequency  (0,  1,  2  modes) 

9.  Air  damping 

10.  Aeroelastic  damped  amplification  factors  for  nine 
harmonics  of  rotor  frequency 

a.  Flap  bending 

b.  Chord  bending 

11.  Mode  shapes  in  a  vacuum 

12.  Flap  bending  moments  (Leone-Myklestad  solution) 

a.  Steady  bending 

b.  Alternating  bending 

c.  Root  shears 

d.  Pitching  moments 

e.  Section  balance 

f.  Dynamic  balance 


161 


Bending  Moment  in  Flapping  and  Chordwise  Planes 


For  various  blade  sections  along  the  blade  span, the  following 
structural  properties  are  calculated  for  bending  analysis: 

1.  Location  of  principal  axis  of  bending. 

2.  Total  section  stiffness  about  their  axes  by  elemental 

integration  of  each  structural  component.  , 

3.  Section  effective  modulus  of  each  component  at  point 
of  maximum  stress.  This  is  determined  by  assuming 

that  in  such  a  "molded"  structure,  the  various  materi-  * 

als  will  be  strained  equally  at  any  one  point  in  the 
structure.  Stress  in  any  material  will  therefore  be 
proportional  to  its  modulus  in  bending  in  the  loading 
direction  considered. 


PF 

material 

Centrifugal  Force  Load 

The  centrifugal  force  (Cp)  on  the  blade  section  is  also 
assumed  to  be  distributed  so  that  it  produces  equal  tension 
strains  in  all  materials. 


f  =  CF  (E)  MAT'L 
Cf  (AE) TOTAL 

The  flapping,  chordwise,  and  centrifugal  loadings  constitute 
all  of  the  tension  loads  to  which  the  blade  is  subjected.  The 
stresses  resulting  from  these  loadings  are  added  to  give  a 
total  steady  and  alternating  tension  or  compression  stress  at 
various  points  along  a  given  airfoil  section.  The  alternating 
components  of  the  bending  stresses  are  combined  by  considering 
the  phase  relationships  of  the  bending  moment. 
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Torsion 


The  fiberglass  rotor  blade  is  analyzed  for  stresses  due  to  a 
torsional  moment  by  considering  a  given  blade  section  to  act 
as  a  multicell  structure  whose  webs  are  formed  by  the  honey¬ 
comb  cells.  A  cell  wall  is  assumed  to  exist  approximately 
every  10-percent  chord,  the  effective  thickness  of  which 
equals  the  number  of  honeycomb  cell  walls  between  midpoints 

*  of  neighboring  cells.  Using  the  conventional-method  shear 
flows,  and  using  deflections  of  a  thin-walled  multicelled 
closed  structure  under  torsion,  the  section  torsional  stiff¬ 
ness  and  a  shear  flow  distribution  under  the  applied  torque 

*  are  determined. 

A  shearing  stress  distribution  around  the  airfoil  in  each 
material  is  then  formed  by  dividing  the  shear  flow  by  the 
effective  skin  thickness  and  assuming  that  the  shear  stress 
in  a  material  is  a  function  of  its  shear  modulus. 

The  assumption  that  the  blade  section  functions  as  a  multi¬ 
cell  box  under  torsion,  with  the  honeycomb  carrying  torsional 
shear,  has  been  justified  by  test  results  in  which  the  meas¬ 
ured  values  of  both  stiffness  and  stress  distribution  corre¬ 
lated  excellently  with  theoretical  values. 

Flapwise  Shears 

Under  the  action  of  a  vertical  shear  load,  the  fiberglass 
blade  structure  is  again  considered  to  act  as  a  multicelled 
box  in  which  all  material  is  effective  in  carrying  both 
bending  and  shear. 

Using  standard  analysis,  the  redundant  shear  flows  in  each 
cell  are  determined  by  solving  a  system  of  simultaneous  equa¬ 
tions  involving  the  deflection  characteristics  of  individual 
dual  cells.  The  chordwise  location  of  the  section  shear 
center  is  also  determined  from  this  analysis. 

Again  assuming  equal  straining  of  all  material  at  a  point,  the 
shear  stress  distribution  in  each  material  along  the  blade 
section  is  determined  for  a  given  vertical  shear. 

The  theoretical  values  of  shear  center  determined  from  this 
type  of  analysis  compared  favorably  with  values  measured  on 
a  similarly-constructed  rotor  blade?  this  indicates  that  the 
analysis  is  valid. 
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The  shear  stresses  due  to  torsion  and  flapwise  loading  are 
then  added  (phase  relationships  are  considered)  to  give  a  net 
shear  flow  distribution  around  the  airfoil  section. 

Local  Pressure  Loadings 

Those  sections  of  the  blade,  such  as  the  blade  tip,  which  are 
subjected  to  high  pressure  distributions  are  investigated  to 
determine  whether  the  aft  structure  is  capable  of  transmitting 
the  resultant  bending  and  shear  loads  to  the  blade  shear  center. 
For  this  analysis,  the  blade  is  assumed  to  be  supported  as  a 
cantilever  beam  at  the  shear  center.  All  bending  loads  are 
conservatively  assumed  to  be  carried  by  the  skin  in  differen¬ 
tial  tension,  and  all  shear  loads  are  assumed  to  be  carried 
in  the  honeycomb.  The  critical  pressure  distributions  are 
determined  from  wind  tunnel  data  on  similar  airfoil  sections 
under  local  angles  of  attack,  defined  by  the  improved  non- 
uniform  downwash  theory. 

METHODOLOGY  AND  APPROACH  TO  STRESS  ANALYSIS  OF  THE  ROTOR  HUB 

"Rotor  hub",  for  purposes  of  this  study,  includes  those 
components  from  the  point  of  blade  attachment  at  the  folding 
hinge  to  the  hub  block  at  its  attachment  to  the  rotor  shaft. 

The  loads  defining  these  items  are  developed  primarily  from 
the  centrifugal  force  considerations  and  flapwise,  chordwise, 
and  torsional  moments  established  during  the  blade  loads 
analysis. 

All  designs  investigated  use  a  tension-torsion  retention 
system.  (All  current  Vertol  Division  helicopters  use  this 
system*  its  simplicity  and  inherent  redundancy  have  resulted 
in  completely  trouble-free  operation.)  Index  stress  levels 
based  on  current  designs  are  used  as  the  basis  for  the  heavy- 
lift  selection.  Using  the  appropriate  index  allowable,  data 
are  presented  as  a  parametric  evaluation  to  show  the  inter¬ 
relation  of  twist  and  length. 

« 

All  articulated  bearing  designs  shown  use  antifriction  bearings 
at  the  horizontal  pin.  Since  there  is  no  purely  analytical 
means  suitable  for  predicting  the  life  of  an  oscillating  anti¬ 
friction  bearing,  a  semiempirical  approach  is  used.  Considera¬ 
tion  is  given  to  size  effect,  hub  lug  geometry,  pin  slopes  and 
deflections,  type  of  lubrication,  and  past  performance. 
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METHODOLOGY  AND  APPROACH  TO  STRESS  ANALYSIS  OF  ROTOR  CONTROLS 


The  results  from  the  Leone-Myklestad  program  discussed  previ¬ 
ously  are  used  to  calculate  pitch-link  loads.  The  loads,  both 
steady  and  vibratory,  resulting  from  inertia,  gravity,  and 
aerodynamic  loadings  are  transferred  to  the  blade  effective 
shear  center  and  then  integrated  along  the  blade.  At  the 
present  time,  this  method  is  considered  to  give  more  reliable 
absolute  values  of  peak-to-peak  loads  than  the  stall-flutter 
analysis  used  in  STABILITY,  CONTROL,  AND  FLYING  QUALITIES. 

Loads  in  the  lower  controls,  both  steady  and  vibratory,  are 
then  obtained  by  resolving  the  load  in  the  pitch  link,  -which 
is  in  the  rotating  system,  into  the  stationary  system.  This 
permits  evaluation  of  the  stationary  rotor  control  loads  down 
to  the  hydraulically- operated  cyclic  and  collective  actuators 
that  support  the  swashplate.  The  actuators  are  designed  so 
that  vibratory  loads  are  not  transmitted  into  the  flight  con¬ 
trols. 

ANALYSIS  METHODS— COMPARISON  OF  THEORY  AND  TEST 

Since  the  introduction  of  nonuniform  downwash  aerodynamics, 
discussed  in  Reference  3,  the  correlation  between  theory  and 
flight  test  has  been  excellent.  An  interesting  phenomenon, 
indicated  by  theory  and  borne  out  by  flight  test,  is  the 
effect  of  cyclic  trim  and  rotor  overlap.  This  indicates  that 
after  certain  forward  speeds  are  reached, the  blade  and  rotor 
control  loadings  reduce.  Analyses  are  therefore  conducted 
for  a  speed  sweep  to  evaluate  the  critical  speed  at  which 
maximum  loads  are  obtained. 

The  agreement  between  theory  and  test  permits  such  confidence 
in  the  program  output  that  no  semiempirical  modification  of  the 
results  is  required.  A  comparison  of  theory  and  test  is  shown 
for  the  CH-47A  helicopter  in  Figures  61  and  62. 

CRITERIA  FOR  STRUCTURAL  ANALYSIS 

Basic  Aircraft  Data 


The  structural  analysis  is  based  on  the  basic  aircraft  data 
given  in  Figure  63.  The  fuselage  geometry  effects  shown  for 
the  transport  and  crane/personnel  carrier  requirements  have 
been  evaluated  for  blade  loads  on  the  fiberglass  rotor  blade. 
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Vibratory  Plapwise  Bending  Moment  in  Inch-Pounds 


NOTES : 

1. 

Aft  rotor 

2. 

Correlation: 

Theory 

Fliqht-Test  Data 

Helicopter 

CH-47A 

CH-47A 

Gross  weight  in  pounds 

27,500 

27,400  to  29,700 

CG  location  in  inches 

35.0  fwd 

29.7  fwd  to  18.5  aft 

Altitude  in  feet 

Sea  level 

Sea  level  to  7000 

Airspeed  in  knots 

130 

105  to  155 

Rotor  radius  in  feet 

29.5 

29.5 

Rotor  rpm 

230 

224  to  234 

Trim  in  degrees 

3° fwd,  5°aft 

3°fwd,  5°aft 

Maximum  measured  VH  loads 

0  =  up  to  100  percent 
□  *  100  to  110  percent 

O  -  greater  than  110  percent 

Figure  61.  Correlation  of  Theoretical  and  Experimental 
Vibratory  Flapwise  Bending  Moment. 
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Vibratory  Pitch-Link  Load  in  Pounds 


Forward  Speed  in  Knots 

NOTES : 

1.  Aft  rotor  of  CH-47A  helicopter  in  high¬ 
speed  level  flight 

2.  Gross  weight  28,550  pounds 

3.  eg  17  inches  aft 

4.  Altitude  3000  feet 

5.  230  rotor  rpm 

6.  Trim  3°fwd,  5°aft 

7.  Experiment  ■ O  Theory  = - 

Figure  62.  Correlation  of  Theoretical  and  Experimental 
Vibratory  Pitch-Link  Load. 
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NOTES:  Crane/Personnel 

Transport  Carrier 


1.  Blades  per  rotor  (b) 

2.  Radius  (R) 

3.  Chord  (C) 

4.  Twist  (0t) 

5.  Rotor  shaft  inclin¬ 
ation  : 

forward  rotor  (0F) 
aft  rotor  (0R) 

6.  Horizontal  distance 
between  rotors  (L) 

7.  Height  of  rotor  above 
horizontal  reference 

forward  rotor  (Hp) 
aft  rotor  (H„) 

8.  Hr  -  Hp 


3 

3 

43  feet 

43  feet 

42  inches 

42  inches 

-6  to  -12 

-6  to  *  12  degrees 

degrees 

9  degrees 

9  degrees 

4  degrees 

4  degrees 

58.20  feet 

59.50  feet 

13.25  feet  10.00  feet 

24.25  feet  26.70  feet 
11.00  feet  16.70  feet 


Figure  63.  Summary  of  Tandem-Lift  Rotor  Helicopter 
Geometry. 
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Loading  Conditions 


The  requirements  of  MIL-S-8698  have  been  embodied  in  the 
design  loading  conditions  for  the  rotor  system  shown  in  Table 
XVI.  These  conditions  which  include  level  and  maneuvering 
flight  design  requirements  for  a  tandem  helicopter  are  investi¬ 
gated  for  all  designs.  Preliminary  analysis  has  indicated 
that  the  critical  design  conditions  for  the  blades  under  con¬ 
sideration  are  fatigue  and  ground  flapping. 

Mission  Profile 


In  order  to  evaluate  the  lives  of  the  hinge  and  swashplate 
bearings,  it  is  necessary  to  establish  a  loading  spectrum  that 
will  approximate  the  time  at  each  of  the  flight  regimes.  The 
mission  profile  selected  (Table  XVII)  is  based  on  experience 
with  transport  helicopters. 

Coning 

On  large-diameter  rotor  blades,  coning  tends  to  increase  if 
conventional  blade  construction  and  mass  distribution  tech¬ 
niques  are  used.  Coning  is  approximately  proportional  to 
blade  radius  and  inversely  proportional  to  tip  speed  squared. 
The  many  questions  that  arise  concerning  an  acceptable  level 
of  coning  have  stimulated  efforts  to  understand  its  effect  on 
vibration,  lateral  flapping,  yaw  control  power,  chordwise 
blade  loads  as  a  result  of  increased  Coriolis  forces,  flap- lag 
stability,  and  so  forth.  A  summary  of  coning  angles  in  similar 
vehicles  (Table  XVIII)  shows  that  the  heavy-lift  helicopter 
rotor  blades  considered  in  this  study  fall  within  the  values 
for  operational  helicopters. 

Studies  are  being  conducted  to  evaluate  the  upper  limit  of 
coning  for  the  effects  just  described.  Any  increase  in  coning 
will  considerably  reduce  blade  weight  from  the  values  given 
in  this  report. 

Rotor  Blade  Deflections 


On  large-diameter  rotor  blades,  static  tip  deflections  tend  to 
become  excessive  unless  mass  and  stiffness  properties  are 
carefully  optimized.  The  criteria  established  by  experience 
at  Vertol  Division  for  clearance  between  the  blade  tip  and  the 
top  of  the  fuselage  are  based  on  ground  flapping  at  low  collec¬ 
tive  settings  and  ground  idle  to  z°ero  rotor  rpm  settings. 
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TABLE  XVII 
MISSION  PROFILE 
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(57.3) 


Adequate  clearance  must  exist  for  a  3g  blade  loading  as  well 
as  a  lg  blade  loading  plus  7  pounds  per  square  foot  aero¬ 
dynamic  loading. 

Component  Life 


All  fatigue- loaded  components  are  designed  for  3600  hours'  life, 
with  allowables  corresponding  to  mean  -3  sigma  (approximately 
0.999  probability  of  nonfailure).  All  antifriction  bearings  f 

in  the  rotor  system  (hinge  bearings,  swashplate  bearings,  and 
others)  are  designed  for  1200  hours  B^q  life. 

STRUCTURAL  ANALYSIS  OF  FIBERGLASS  PLASTIC  KOTOR  BLADES 

A  fiberglass  plastic  blade  permits  the  freedom  to  orient 
structural  fibers  in  order  to  achieve  considerable  mass, 
stiffness,  and  strength  variations.  The  design  shown  has 
been  iterated  to  achieve  the  desired  frequencies,  loads,  and 
stresses. 

Physical  Properties 

The  significant  properties  defining  the  fiberglass  blade  are 
shown  in  Figures  64  through  67,  which  present  spanwise  weight, 
flapwise  stiffness,  chordwise  stiffness,  and  torsional  stiff¬ 
ness  distributions  respectively.  The  centrifugal  force  dis¬ 
tribution  is  shown  in  Figure  68. 

Static  Loads  and  Deflections 

Blade  deflections  and  static  loads  due  to  ground  flapping  are 
shown  in  Figure  69.  The  allowable  moment,  based  on  the  fiber¬ 
glass  compressive  strength,  is  shown  to  indicate  the  large 
existing  margins  of  safety.  The  blade  deflections  comply 
satisfactorily  with  clearance  requirements.  9 

Frequencies 

It  is  customary  at  Vertol  Division  for  all  blade  designs  to  « 

be  evaluated  first  from  a  natural  frequency  viewpoint  before 
being  evaluated  for  blade  loads  and  stresses.  The  calculated 
frequencies  are  compared  with  experience  as  far  as  operation 
in  the  proximity  of  an  integer  frequency.  Because  of  the  use 
of  nonuniform  downwash  airloads,  the  higher  harmonic  excita¬ 
tion  loads  significantly  affect  first,  second,  and  third 
bending  modes  when  they  are  amplified  as  the  result  of  prox- 
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imity  to  a  critical  frequency.  The  frequencies  for  the  fiber¬ 
glass  blade  (see  Figures  70  and  71)  show  satisfactory  avoid¬ 
ance  of  the  critical  integer  frequencies. 

Loads  and  Moments 


The  theoretically  calculated  moments  shown  in  Figures  72,  73, 
and  74  indicate  the  effects  on  loads  due  to  blade  twist  (6 
degrees  and  12  degrees)  and  helicopter  configuration  (crane/ 
personnel  carrier  and  transport)  for  a  speed  sweep  of  80,  100, 
120,  140,  and  160  knots. 

Vibratory  moments  are  generally  higher  with  increased  blade 
twist  for  the  high-speed  regime  when  considering  the  midspan 
portion  of  the  blade.  Moments  are  generally  higher  with  de¬ 
creased  blade  twist  for  the  100-knot  speed  regime  when  con¬ 
sidering  the  root  area  of  the  blade. 

A  comparison  of  moments  for  the  two  configurations  studied 
indicates  in  general  that  a  transport  configuration  is  more 
critical  because  the  reduced  forward- to- aft  blade  clearance 
(see  Figure  63)  increases  blade  interference  effects.  The 
interference  effects  excite  the  blade  in  its  higher  modes  and 
cause  the  higher  root  bending  moment. 

Considering  all  variations  and  combinations,  however ,  it  is 
evident  that  for  the  fiberglass  blade  considerable  margin 
exists  when  comparing  loads  in  any  flight  regime  with  the 
blade  allowables. 

STRUCTURAL  ANALYSIS  OF  METAL  ROTOR  BLADES 


Three  basic  blade  configurations  have  been  evaluated.  From 
these  studies  the  relative  merits  of  each  design  can  be 
evaluated  relative  to  the  total  weight  and  blade  stress  margins 
while  holding  frequency  and  coning  criteria  relatively  con¬ 
stant. 

An  additional  variable,  blade  twist,  has  also  been  evaluated 
for  its  effects  on  blade  moments.  The  values  evaluated,  6 
degrees  and  12  degrees,  span  the  extremes  of  performance. 

Physical  Properties 

The  significant  physical  properties  defining  both  the  high- 
and  low-stiffness  metal  blades  are  shown  in  Figures  75  through 
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78:  spanwise  weight,  flapwise  stiffness,  chordwise  stiffness, 
and  torsional  stiffness  distributions,  respectively.  The 
centrifugal  force  distribution  is  shown  in  Figure  79. 

Static  Loads  and  Deflections 

Static  loads  due  to  ground  flapping  and  blade  deflections  are 
shown  in  Figure  80.  The  allowable  moment  is  based  on  spar 
buckling  strength.  The  margins  are  evident.  Comparison  of  ♦ 

blade  deflections  to  the  clearance  requirements  indicates 
satisfactory  compliance. 

Frequencies  * 

Since  conventional  D-spar  construction  methods  for  large- 
diameter  blades  result  in  an  increase  in  stiffness  that  is 
greater  than  the  proportional  increase  in  blade  weight,  the 
blade  natural  frequencies  tend  to  increase.  If  this  is  in  a 
direction  that  approaches  the  nearest  integer  frequency  then 
there  are  two  basic  approaches  to  improving  the  situation: 

Frequency  Modification  by  Tuning 

The  blace  can  be  tuned  to  a  lower  frequency  by  placing 
a  concentrated  mass  at  an  antinodal  point  for  the 
bending  mode  under  consideration.  The  mass  is  fastened 
by  a  strap  to  the  blade  root  fitting  so  that  no  addi¬ 
tional  blade  centrifugal  stiffening  occurs  as  a  result 
of  the  additional  mass.  This  scheme  has  been  used  suc¬ 
cessfully  on  the  Vertol  44  helicopter.  Since  this 
approach  permits  the  use  of  conventional  D-spar  construc¬ 
tion  methods,  it  is  identified  in  the  structural  analysis 
data  as  the  high-stiffness  blade.  This  type  of  construc¬ 
tion  provides  the  maximum  torsional  stiffness. 

• 

Frequency  Modification  by  Blade  Mass  Stiffness  Relation¬ 
ships 

For  a  given  spar  weight,  the  flapwise  stiffness  can  be  * 

appreciably  modified  by  changing  from  a  D-shape  to  an 
oval  or  to  a  circle  while  still  maintaining  the  same 
thickness  ratio.  The  design  shown  utilizes  a  hexagonal¬ 
shaped  spar  that  significantly  reduces  the  stiffness- to- 
mass  ratio.  It  is  identified  in  the  structural  analysis 
data  as  the  low- stiffness  blade.  Although  this  type  of 
construction  provides  less  torsional  stiffness  than  the 
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high-stiffness  blade  ,  this  is  of  little  consequence 
since  torsional  frequencies  are  still  sufficiently  high. 

However,  it  is  evident  that,  through  continued  design  iteration, 
a  combination  of  these  two  approaches  to  tuning  may  result  in 
a  further- improved  design.  Further  iteration  of  the  D-spar 
blade  could  then  achieve  the  desired  frequencies  without 
resorting  to  the  use  of  tuning  weights.  The  frequencies  shown 
in  Figure  81  for  the  metal  blades  indicate  satisfactory  avoid¬ 
ance  of  the  critical  integer  frequencies. 

Loads  and  Moments 


The  theoretically  calculated  moments  shown  in  Figures  82,  83, 
and  84  are  based  on  the  most  critical  configuration  and  blade 
twist:  the  transport  and  12  degrees  twist.  Moments  are 
shown  for  a  speed  sweep  of  100,  120,  140,  and  160  knots.  The 
allowable  moments  are  shown,  and  they  indicate  an  adequate 
margin  along  the  entire  blade  from  root  to  tip. 

For  12  degrees  of  twist,  moments  at  midspan  for  the  low- 
stiffness  blade  (see  Figure  82,  sheet  1)  are  about  half  the 
moments  for  the  high-stiffness  blade.  Even  though  moment  allow¬ 
ables  for  the  low-stiffness  blade  are  lower,  an  adequate  margin 
exists  even  at  160  knots.  For  the  high-stiffness  blade  (see 
Figure  82,  sheet  2),  there  is  a  margin  only  at  speeds  below 
140  knots.  A  calculation  for  the  high- stiffness  blade  at  160 
knots  with  6  degrees  of  twist  (Figure  82,  sheet  3)  indicates 
a  significant  reduction  in  moment  with  the  result  being  an 
adequate  margin.  This  indicates  that,  for  the  metal  blade, 

6  degrees  twist  is  more  desirable  than  12  degrees  twist. 

STRUCTURAL  ANALYSIS  OF  ROTOR  HUB 


The  hub  components  from  the  blade  socket  joint  to  the  horizon¬ 
tal  pin  were  analyzed  for  the  most  severe  centrifugal,  steady, 
and  vibratory  moments  resulting  from  all  the  load  conditions 
investigated.  The  analyses  of  these  moments  and  comparisons 
of  allowable  moments  versus  maximum  calculated  loads  have  been 
described  in  the  structural  analyses  of  the  rotor  blades. 

They  indicate  adequate  margins. 

Cyclic  and  Collective  Pitch  Envelope 

The  primary  blade  re  ..o  it  ion  concept  considered  is  the  tension- 
torsion  strap.  The  o  sign  requirements  for  the  tens  ion- tors  ion 
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strap  are  determined  by  the  most  severe  combinations  of  steady 
twist  due  to  collective  inputs  and  oscillatory  twist  due  to 
cyclic  inputs.  Figure  34  summarizes  the  combinations  that  are 
attainable  both  from  a  normal  operating  viewpoint  (for  fatigue 
analysis)  and  from  an  infrequent  maximum-displacement  view¬ 
point  (for  limit  analysis) . 

Tension-Torsion  Parametric  Evaluation 


A  parametric  analysis  was  performed  to  evaluate  the  size  and 
length  of  the  tens ion- tors ion  pack,  relative  to  the  require¬ 
ments  of  Figure  34,  by  the  same  method  of  analysis  that  has 
been  used  for  this  purpose  on  other  successful  helicopters. 

The  results  of  this  study  are  shown  in  Figure  85.  The  design 
shown  is  adequate  when  compared  to  the  current  bench- test 
capability  of  similar  designs. 

Flapping  Hinge  Bearings 

Although  the  use  of  elastomeric  bearings  for  flap,  lag,  and 
pitch  motions  appears  extremely  promising,  the  antifriction 
bearing  is  still  the  most  widely  used  and  accepted.  Analysis 
has  been  performed  for  the  conventional  antifriction  bearing. 

Horizontal  Pin  Bearing  Loads 

In  order  to  establish  horizontal  pin  bearing  lives,  it  is 
necessary  to  evaluate  the  load  variations  anticipated  through¬ 
out  the  flight,  and  then  to  reduce  these  loads  to  an  equivalent 
cubic  mean  load.  The  load  evaluation  is  shown  in  Table  XIX. 

Horizontal  Pin  Bearing  Life  Calculation 

An  oscillating  horizontal  pin  bearing  cannot  be  evaluated  in 
a  manner  similar  to  conventional  bearings.  The  life  is  sig¬ 
nificantly  affected  by  bearing  proportions,  angle  of  oscilla¬ 
tion,  and  horizontal  pin  deflections.  For  this  reason,  a 
semiempirical  approach  is  used  which  combines  analysis  with 
service  experience.  Lives  calculated  in  this  manner  are 
shown  in  Table  XX j  they  exceed  the  1200-hour  objective. 

STRUCTURAL  ANALYSIS  OF  ROTOR  CONTROL  SYSTEM 


Pitch- Link  Loads 


Pitch-link  loads  are  calculated  concurrently  with  the  rotor 
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blade  loads.  The  pitch- link  load  is  made  up  of  many  harmonics, 
depending  on  the  proximity  to  critical  torsional  frequencies. 

The  load  is  transferred  from  the  rotating  system  to  the  sta¬ 
tionary  system.  Loads  are  therefore  established  in  all  com¬ 
ponents  down  to  the  support  actuators. 

It  was  indicated  previously  that  there  exists  a  very  close 
agreement  of  test  with  theory.  The  loads  are  shown  in  Figure 
86  as  a  function  of  forward  speed  for  both  the  crane/personnel 
carrier  and  the  transport  and  for  both  the  metal  blade  and  the 
fiberglass  plastic  blade.  Comparison  of  anticipated  allowable 
versus  expected  loads  shows  that  speeds  up  to  160  knots  are 
possible  in  both  the  transport  and  the  crane/personnel  carrier. 

The  variation  of  pitch- link  load  throughout  the  blade's  360 
degrees  of  rotation  is  shown  in  Figures  87  and  88.  The 
effects  of  thrust  and  airspeed  are  compared  for  the  fiber¬ 
glass  plastic  blade  in  Figure  87  and  for  the  high-  and  low- 
stiffness  metal  blades  in  Figure  88. 

Swashplate  Bearing  Life 

As  in  the  case  of  the  hinge  bearings,  the  life  of  the  swashplate 
bearings  depends  greatly  on  the  flight  spectrum  used.  The  tech¬ 
nique  used  to  analyze  the  swashplate  bearing  is  given  in 
Reference  7.  The  analysis  described  there  has  been  programmed 
on  Vertol  Division's  computer  and  has  been  shown  to  give  iden¬ 
tical  agreement  with  AFBMA  (Anti-Friction  Bearing  Manufacturer's 
Association)  methods  when  all  the  proper  basic  assumptions  are 
made.  The  program  goes  further,  however,  and  evaluates  the 
effects  of  internal  clearances,  curvatures,  and  deflection  under 
each  loading.  The  loads  required  to  calculate  the  life  of  the 
swashplate  bearing  are  given  in  Table  XXI.  The  results  of  the 
analysis  indicate  a  B10  bearing  life  of  2646  hours. 

DYNAMIC  ANALYSIS 

Of  prime  significance  in  the  dynamics  analysis  of  a  large 
helicopter  is  the  prediction  of  the  vibration  levels  in  the 
cockpit  areas  of  the  airframe. 

The  factors  that  contribute  to  the  vibration  level  of  the 
helicopter  are  many,  and  the  manner  in  which  these  factors  com¬ 
bine  is  extraordinarily  complex.  The  rotor  blade  airload  dis¬ 
tribution  is  strongly  dependent  upon  the  characteristics  of 
the  rotor  wake,  and  relatively  minor  changes  in  the  assumptions 
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regarding  the  characteristics  of  that  wake  can  have  a  profound 
influence  on  the  predicted  vibration  levels.  Rotor  blade  and 
fuselage  dynamic  characteristics  are  of  course  central  to  the 
vibration  problem.  Extensive  analysis  and  development 
testing  are  devoted  to  these  aspects. 

From  production  testing  of  equivalent  helicopter  designs, 
particularly  the  CH-46A,  the  CH-47A,  and  the  earlier  H-21 
helicopter,  it  is  known  that  small  changes  in  configuration 
associated  with  the  arrangement  of  tolerances  from  ship  to 
ship  can  cause  a  substantial  variation  in  vibration  character¬ 
istics.  It  has  been  concluded  that  the  only  real  solution  to 
the  vibration  problem  lies  in  the  development  of  force-  or 
acceleration-compensating  devices  which  will  provide  whatever 
force  is  required,  within  their  stroke  limitations,  to  cancel 
the  vibration  at  the  point  at  which  it  is  sensed.  The  merits 
of  this  philosophy  have  been  borne  out  by  the  equipping  of 
several  production  helicopters  with  vibration  absorbers. 

Of  course,  the  force  requirements,  and  therefore  the  weight, 
of  vibration-compensating  devices  will  depend  on  the  vibration 
levels  of  the  basic  aircraft.  Design  for  acceptable  vibration 
characteristics,  and  therefore  minimum  weight  and  complexity 
of  vibration  compensating  devices,  is  undertaken  to  minimize 
the  inherent  vibration  levels  of  the  aircraft. 

The  vibration  levels  for  the  heavy- lift  helicopter  are  pre¬ 
dicted  on  the  basis  that  no  antivibration  devices  are 
installed,  but  devices  which  are  under  development  will  be 
available  to  solve  any  vibration  problems  which  might  arise. 

The  prediction  of  vibration  levels  and  the  hub  shaking  forces 
from  which  they  arise  is  accomplished  by  the  application  of 
these  two  basic  techniques. 

Rotor  Hub  Shaking  Forces 

All  rotor  hub  shaking  forces  described  here  are  determined 
from  the  Rotor  Analysis  Digital  Computer  Program,  a  well- 
established  proven  analytical  tool  compiled  for  the  study  of 
aerodynamic,  dynamic,  and  structural  characteristics  of 
current  and  advanced  rotor  concepts.  The  program  has  been 
developed  from  an  original  analysis  prepared  by  Vertol  Division 
for  a  BuWeps  study  of  helicopter  rotor  hub  vibratory  forces 
(Reference  22).  The  effects  of  nonlinear  aerodynamics, 
including  nonuniform  downwash  and  compressibility  effects,  are 
considered. 
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The  general  approach  is  to  compute  the  rotor-induced  velocities 
from  each  rotor  and,  in  conjunction  with  classical  airloading, 
determine  tht  total  air loading  on  each  blade.  From  these  air¬ 
loads,  Coriolis,  and  centrifugal  forces,  the  dynamic  response 
of  each  blade  is  determined.  From  the  response  in  flap,  pitch, 
and  lag,  the  blade  root  shears  and  moments  (and  subsequently 
the  hub  shaking  forces)  are  found. 

To  substantiate  the  accuracy  of  hub  shaking  forces  predicted 
by  the  rotor  analysis  method,  a  comparison  of  calculated 
rotor  shaking  forces  and  test  data  is  presented  in  Figure 
89.  The  test  data  was  recorded  during  the  flight  testing  of 
the  CH-46A  for  the  Advanced  Vibration  Development  Program  in 
April  1965  (Reference  20) .  The  excellent  agreement  obtained 
over  the  complete  airspeed  range  lends  a  great  deal  of  con¬ 
fidence  to  the  results  predicted  herein. 


Effects  of  Blade  Twist  on  Rotor  Hub  Shaking  Forces 


The  effect  of  blade  twist  on  helicopter  vibration  levels  has 
been  investigated  (References  16  and  22),  with  the  general  con¬ 
clusion  that  decreased  blade  twist  results  in  lower  vibratory 
stress  and  load  levels.  To  substantiate  this  effect,  which 
is  caused  by  the  increased  loading  at  the  inboard  blade  sec¬ 
tions  exciting  the  first  flexible  bending  mode  shape  of  the 
blade,  the  effect  of  twist  on  the  heavy- lift  helicopter  was 
investigated  by  considering  degrees  of  twist  at  the  perfor¬ 
mance  envelope  limits.  Two  flight  configurations  were  con¬ 
sidered: 


1.  Gross  weight 

2.  Altitude 

3.  Airspeed 


87,000  pounds 

sea  level 
standard  day 

165  knots 


75,700  pounds 

5000  feet 
standard  day 

170  knots 


Blade  twist  was  considered  linear  with  total  twist  values  of 
-6,  -8,  -10,  and  -12  degrees. 


The  r.esults  are  presented  in  Figure  90  as  vertical  shaking 
forces,  longitudinal  forces  and  pitching  moments  at  three- 
times  rotor  speed  for  both  rotors.  Trends  versus  twist  for 
the  vertical  forces  and  pitching  moments  are  linear,  and  they 


179 


increase  at  a  rate  of  approximately  2  percent  per  degree  of 
twist.  Although  these  results  are  for  the  proposed  plastic 
blade, the  metal  blade  shows  similar  trends.  For  longitudinal 
force,  the  trends  generally  decrease  with  twist  at  a  rate  of 
0.25  percent  per  degree,  which  is  for  all  practical  purposes 
negligible.  Longitudinal  loads  are  small  relative  to  the 
vertical  loads,  and  the  effect  of  twist  overall  will  follow 
the  trend  of  the  vertical  load. 

Airspeed  Trends  for  Rotor  Hub  Shaking  Forces 

To  predict  vibration  level  for  the  transport  at  a  gross  weight 
of  87,000  pounds,  the  rotor  hub  shaking  forces  were  computed 
over  a  range  in  airspeed  of  100  to  165  knots.  These  forces, 
which  contribute  to  the  vertical  vibration  level,  are  shown 
in  Figure  91  as  the  longitudinal  and  vertical  forces,  and  as 
the  pitching  moments  for  both  hubs.  All  loads  for  both  rotors 
increase  with  airspeed  over  the  range  in  airspeed  considered. 

To  substantiate  the  general  level  of  these  forces.  Figure  92 
compares  the  forward  rotor's  nondimensional  vertical  force, 
which  predominates  in  vibration  level  prediction,  and  the 
same  force  for  the  CH-47A  helicopter  at  equivalent  disc  loading. 
This  and  the  correlation  of  test  and  calculated  shaft  loads 
described  previously  illustrate  the  reliability  of  the  calcu¬ 
lated  shaking  forces. 

Fuselage  Vibration  Level 

For  the  prediction  of  the  aircraft's  response  to  hub  shaking 
forces,  several  approaches  are  open. 

The  most  common  method  is  to  represent  the  helicopter  struc¬ 
ture  by  a  series  of  lumped  masses  and  weightless  beams  with 
equivalent  stiffness  values,  and  to  use  classical  methods  to 
solve  for  the  response.  This  approach  has  generally  had 
limited  success,  particularly  in  the  preliminary  design  of 
structures,  since  most  helicopter  structures  are  unsuited  to 
representation  as  slender  beams,  and  since  basic  structural 
properties  are  not  well  defined. 

A  better  approach,  when  a  structure  is  reasonably  well  defined, 
is  that  used  for  the  analysis  of  current  designs.  This 
method  is  to  determine  first  the  structural  stiffness  using 
the  Comprehensive  Option  Stiffness  Matrix  Organization 
System  (COSMOS)  and  associated  programs  (Reference  18) . 

For  a  given  structure,  this  program  incorporates  basic  flange 
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and  spar  areas,  beam  inertias,  and  effective  hub  and  skin 
thicknesses,  refers  them  to  standard  axes,  and  constructs 
stiffness  matrices.  Helicopter  mass  is  distributed  at  pre¬ 
selected  nodal  locations  of  the  complex  structure,  and  mass 
matrices  are  constructed  from  them.  Fuselage  natural  fre¬ 
quencies  and  forced  response  to  unit  or  calculated  hub  shaking 
forces  are  then  determined  from  the  solution  of  the  resulting 
dynamic  matrix.  This  fully  analytical  approach  to  the  predic¬ 
tion  of  vibration  level  again  requires  a  reasonable  description 
of  the  helicopter  structure;  and  for  the  heavy-lift  helicopter, 
this  is  not  yet  possible. 

The  third  approach,  more  applicable  in  the  present  case  where 
the  fuselage  has  not  yet  been  designed,  is  to  scale  measured 
response  information  from  an  existing  aircraft.  The  geometric 
similarity  between  the  CH-47A  helicopter  and  the  heavy-lift 
helicopter  is  illustrated  in  Figure  93.  Fuselage  response 
characteristics  for  the  CH-47A  helicopter  have  been  determined 
from  groun''  shake  tests  over  a  range  in  frequency  from  unit 
hub  loads  and  moments  applied  to  both  rotor  hubs.  Since 
helicopter  response  level  is,  in  general,  inversely  proportional 
to  the  gross  weight,  and  since  response  frequency  is  inversely 
proportional  to  the  length,  the  levels  for  the  CH-47A  can  be 
scaled  to  yield  equivalent  response  for  the  heavy-lift  heli¬ 
copter.  From  this  response  level,  from  the  calculated  hub 
shaking  forces,  and  from  the  known  phase  relationship  between 
the  forces  and  response,  a  vector  summation  of  the  total 
response  is  obtained. 

A  comparison  of  measured  helicopter  vibration  with  that  cal¬ 
culated  by  the  synthetic  method  described  above  i3  shown  in 
Figure  94.  Vibration  data  are  shown  for  the  CH-47A  helicopter 
at  a  gross  weight  of  28,000  pounds.  The  calculated  level  was 
determined  for  a  33,000-pound  gross  weight,  since  the  disc 
loading  for  the  CH-47A  at  this  gross  weight  corresponds  to  a 
similar  disc  loading  for  the  heavy-lift  helicopter  at  87,000 
pounds  gross  weight.  The  good  agreement  in  level  and  trend 
between  the  calculated  value  and  the  measured  scatter  is  well 
illustrated. 

The  fuselage  response  to  unit  hub  shaking  forces  (Figure  95) 
and  the  hub  shaking  forces  predicted  for  100  to  165  knots  at 
87,000  pounds  gross  weight  were  synthesized  graphically.  This 
synthesis  for  airspeeds  of  100,  140,  and  165  knots  (Figure  96) 
clearly  shows  the  importance  of  both  amplitude  and  phase.  Aft 
rotor  longitudinal  forces  are  not  shown,  since  they  have  a 
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negligible  effect  on  the  total  response. 

Figure  97  represents  helicopter  response  to  hub  loads  in  the 
form  of  cockpit  vibration.  This  curve  of  heavy-lift  helicopter 
cockpit  vibrations  is  superimposed  on  similar  existing  heli¬ 
copter  vibration  levels.  As  with  existing  helicopters  using 
antivibration  devices,  vibration  levels  in  the  heavy-lift 
helicopter  will  be  controllable  to  acceptable  levels.  Research 
test  programs  conducted  by  Vertol  Division  over  the  last 
18  months  have  provided  substantial  insight  into  the  nature  of 
vibration  in  helicopters.  Preliminary  designs  and  feasibility 
tests  have  demonstrated  the  usefulness  of  the  vibration- 
control  devices  described  in  the  paragraphs  which  follow. 

Blade  Pendulum  Flap  Absorbers 

The  blade  pendulum  flap  absorber  is  a  small  centrifugally- 
tuned  pendulum  which  is  located  at  the  blade  root  retention 
area.  A  typical  flap  absorber  is  shown  with  its  effects  on 
blade  root  loads,  and  subsequently  on  vibration  level,  in 
Figure  98.  These  pendulums  are  tuned  to  resonance  with  the 
3-per- revolution  flapping  to  produce  shear  force  which  will 
oppose  and  reduce  the  vertical  load  initially  generated  by  the 
blade  motion  and  which  will,  in  turn,  reduce  the  vertical 
shaft  loads.  The  effect  of  tuning  on  the  pendulum's  effective¬ 
ness  is  also  shown. 

Cockpit  and  Cabin  Absorbers 

Absorbers  mounted  in  the  fuselage  are  used  successfully  in  a 
number  of  operational  helicopters,  such  as  the  CH-46A,  UH-2, 
and  SH-3A.  CH-46A  production  aircraft  have  two  vertical 
absorbers  and  one  lateral  absorber  under  the  cockpit  floor. 
These  units  absorb  energy  which  would  otherwise  be  introduced 
into  the  aircraft  structure.  The  amount  of  energy  which  can 
be  absorbed  depends  on  the  size  and  location  of  the  active 
mass.  The  reduction  in  cockpit  vibration  achieved  with  the 
CH-46A  absorbers  is  shown  in  Figure  99. 

Rotor  Force  Balancers 

A  force  balancer  is  a  device  capable  of  producing  a  force  in 
opposition  to  the  rotor  vibratory  forces.  Flight  testing  has 
been  conducted  on  the  CH-46A  to  evaluate  the  concept  of  force 
balancing. 
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A  hydraulic  shaker  capable  of  producing  a  sinusoidal  force  of 
800  pounds  was  installed  under  the  forward  transmission  with 
its  line  of  action  in  line  with  the  rotor  shaft.  The  purpose 
of  this  testing  was  to  determine  if  this  shaker,  which  simu¬ 
lated  a  force  balancer,  could  reduce  the  predominant  3-per- 
revolution  vertical  vibration.  The  shaker  was  synchronized 
with  rotor  3-per- revolution,  and  the  amplitude  and  phase  of  the 
force  output  were  controlled  manually.  An  operator,  using  a 
visual  display  control  console,  monitored  vibration  at  various 
fuselage  locations,  and  then  varied  the  amplitude  and  phase  of 
the  shaker  force  to  minimize  the  vibration  at  these  locations. 
The  shaker  produced  a  substantial  reduction  in  vibration  (see 
Figure  100) . 

Preliminary  design  studies  have  been  conducted  on  an  electro¬ 
mechanical  device  which  generates  force  through  the  rotation 
of  four  eccentric  weights  about  a  common  axis  at  three  times 
rotor  speed. 

Since  acceptable  vibration  levels  and  reliability  are  necessary 
conditions  to  be  met  by  any  aircraft  configuration,  recourse 
to  the  use  of  antivibration  devices  is  a  recognized  element  in 
product- improvement  programs.  Depending  on  the  type  of  device, 
advanced  versions  weigh  approximately  1  to  1.5  percent  of 
design  gross  weight.  As  more  refined  versions  become  avail¬ 
able,  it  is  expected  that  the  gains  in  human  comfort  and  cargo 
protection  will  far  offset  the  minor  increment  to  weight. 
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Figure  64.  Spanwise  Weight  Distribution  of  Plastic  Blade. 
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Figure  66.  Chordwise  Stiffness  Distribution  of  Plastic 
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Figure  67.  Torsional  Stiffness  Distribution  of  Plastic 
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Blade  Station  r/R 

NOTES : 

1.  R  =  516  inches 

2.  3g  deflection  at  tip  is  105  inches 

3.  7  pounds  per  square  foot  +  lg  deflection 
at  tip  =  80  inches 

4.  Blade-to-fuselage  clearance  including  3-1/2- 
degree  droop  stop  is  114  inches 

Figure  69.  Static  Bending  and  Tip  Deflection  of  Plastic 
Blade. 
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Figure  72.  Flapwise  Bending  Moments  of  Plastic  Blade 
(Sheet  3  of  4) 
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Figure  72.  Flapwise  Bending  Moments  of  Plastic  Blade 
(Sheet  4  of  4) 
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Figure  73.  Chordwise  Bending  Moments  of  Plastic  Blade. 
(Sheet  3  of  4) 


o 


<u 

t — i 

CQ 


O 


■P 

M  CM 
O  >H 
(X  I 

w 

II 


U5 


c 

(0 

••  p  -p 
W  En  ®  DS 
W 
Eh 

O  *  •  * 

2  ri  oj  n 


■P 

W 

rd 

iH 

04 

4-1 

o 


w 

<u 

a;  (o 
P  GJ  cn 
CP  JC  4-> 

a)  u 
c 

H 


c 

a> 

e 

s 


U">  cn 
c 


•H 

c 

<u 

CQ 

<U 

W 

•H 

% 

p 

o 

,c 

u 


n 

QJ 

P 

3 

CP 

•H 

Cl4 


199 


(Sheet  4  of  4) 
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Figure  74.  Torsional  Moments  of  Plastic  Blade 
(Sheet  1  of  4) 
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Figure  74.  Torsional  Moments  of  Plastic  Blade. 
(Sheet  2  of  4) 
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Figure  74.  Torsional  Moments  of  Plastic  Blade 
(Sheet  3  of  4) 
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Figure  74.  Torsional  Moments  of  Plastic  Blade. 
(Sheet  4  of  4) 
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Figure  75.  Weight  Distribution  of  Metal  Blades 
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Figure  76.  Flapwise  Stiffness  Distribution  of  Metal 
Blades. 
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Figure  79.  Centrifugal  Force  Distribution  of  Metal 


Bending  Moment  in  Inch-Pounds 


Ultimate  Bending 

Strength  — I - [— 

Allowable  I 


Low  /V, 
Stiffness  ^ 

High  / 

Stiffness  ^ 

- 1 - 1 —  ■■ 

4g  Bending 
Moment 


”\y  High  Stiffness 

\ _ 

Low  Stiffness 


0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

Blade  Station  r/R 

NOTES : 

1.  R  =  516  inches 

2.  Tip  deflection:  Low  Stiffness  High  Stiffness 

3g  111  inches  55  inches 

7  psf  +  lg  82  inches  39  inches 

3.  Blade-to-fuselage  clearance,  including 
3-1/2  degrees  droop  stop,  is  114  inches 


Figure  80.  Static  Bending  and  Tip  Deflection  of  High 
and  Low-Stiffness  Metal  Blades. 


Figure  81.  Natural  Frequency  Spectra  of  Metal  Blades. 
(Sheet  1  of  4) 
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Figure  81.  Natural  Frequency  Spectra  of  Metal  Blades. 
(Sheet  2  of  4) 


211 


w 3  Flapwise 

7  R 

w2  Flapwise 

5ft 

4ft 

3ft 

U1  Flapwise 

2ft 


CPM 


HIGH-STIFFNESS  BLADES 


Figure  81.  Natural  Frequency  Spectra  of  Metal  Blades. 
(Sheet  4  of  4) 
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Figure  82.  Flapwise  Bending  Moments  of  Metal  Blades. 
(Sheet  1  of  3) 
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Figure  82.  Flapwise  Bending 
(Sheet  2  of  3) 
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Figure  32.  Flapwise  Bending  Moments  of  Metal  Blades. 
(Sheet  3  of  3) 
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83-  Chordwise  Bending  Moments  of  Metal  Blades. 
(Sheet  1  of  3) 
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Figure  83.  Chordwise  Bending  Moments  of  Metal  Blades 
(Sheet  2  of  3) 
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83.  Chordwise  Bending  Moments  of  Metal  Blades 
(Sheet  3  of  3) 
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Figure  84.  Torsional  Moments  of  Metal  Blades 
(Sheet  1  of  3) 
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Figure  84.  Torsional  Moments  of  Metal  Blades. 
(Sheet  3  of  3) 
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TABLE  XX 

Bio  LIFE  OF  HORIZONTAL  HINGE  PIN  ROLLER  BEARINGS 


Number  of  rollers  (N)  =  40 
Effective  length  (Leff)  =  2.5  inches 
Roller  diameter  (d)  =0.5  inches 

1.  Static  capacity  of  bearing  =  12,000  *  L eff  *  d  *  (N-3)  ■  552,000  pounds 

2.  Basic  oscillating  capacity  (C)  *  0.354  *  static  capacity  -  195,000  pounds 

3.  Shaft  hardness  factor  (SHF)  =  1.0 
Stationary  shaft  factor  (SSF)  =  1.0 

4.  6  =  360°  i  N 

Critical  angle  of  oscillation  =  t(l  +  *  Dpitch^  *  24° 

5.  Actual  angle  of  oscillation  =  <24° 

Service  experience  factor  *  1.0 

6.  Design  oscillations  per  minute  (OPM)  =  156.9 
Size  factor  (SF)  =1.0 

7.  Cubic  mean  load  (P)  =  90,200  pounds 
Oil  lubrication  factor  (OLF)  =  1.0 

8.  C  *  P  =  2.16 

(C  *  P)  »  SSF  =  2.16 

,  JO/3 

( (C  +  P)  x  SSF)  =  13.0 

9.  B;  o  Life  =  ((C  *  P)  x  ssf)  10/3x  (  106  *  (60  x  OPM))  -1390  hours 
Bj  Q  Life  x  SF  =  1390  hours 
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4J 


< 


0  I _ I _ I _ I _ I _ I _ I _ I _ I _ I _ L_ 

80  100  120  140  160 

.  Airspeed  in  Knots 


Values  Predicted  by  Leone-Myklestad  Method: 

-  Low-stiffness  metal  blade  for  transport;  et  =  -12  degrees 

-  High-stiffness  metal  blade  for  transport;  et  =  -12  degrees 

-  Plastic  blade  for  transport;  et  =  -12  degrees 

-  Plastic  blade  for  crane/personnel  carrier;  =  -12  degrees 

-  Plastic  blade  for  crane/personnel  carrier;  gt  =  -6  degrees 


Figure  86.  Blade  Pitching  Moments  Versus  Airspeed 
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Azimuth  Angle  in  Degrees 


NOTES : 

1.  Crane 

2.  0 t  =  -6  degrees 


Figure  87.  Blade  Pitching  Moments  Versus  Azimuth  of 
Plastic  Blade.  (Sheet  1  of  3) 
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g  Moment  in 


0  30  60  90  120  150  180  210  240  270  300  330  360 


Azimuth  Angle  in  Degrees 

NOTES : 

1 .  Crane 

2.  et  =  -12  degrees 


Figure  87.  Blade  Pitching  Moments  Versus  Azimuth  of 
Plastic  Blade.  (Sheet  2  of  3) 


0  30  60  90  120  150  180  210  240  270  300  330  360 

Azimuth  Angle  in  Degrees 


NOTES : 

1.  Transport 

2.  et  =  -12  degrees 


Figure  87.  Blade  Pitching  Moments  Versus  Azimuth  of 
Plastic  Blade.  (Sheet  3  of  3) 


HIGH-STIFFNESS  BLADES 


0  30  60  90  120  150  180  21Q  240  270  300  330  360 

Azimuth  Angle  in  Degrees 
NOTES : 

1.  Transport 

2.  et  =  -12  degrees 


.gure  88. 


Blade  Pitching  Moments  Versus  Azimuth  of 
Metal  Blade.  (Sheet  1  of  2) 
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Blade  Pitching  Moment  in  Inch-Pounds  x  10 


LOW-STIFFNESS  BLADES 


Azimuth  Angle  in  Degrees 
NOTES : 

1.  Transport 
2-  et  =  -12  degrees 


Figure  88.  Blade  Pitching  Moments  Versus  Azimuth  of 
Metal  Blade.  (Sheet  2  of  2) 
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TABLE  XXI 

BEARING  LOADS  AND  Bi 0  LIFE  OF  SWASHPLATE  BEARINGS 


Bearing 


Bearing 


Balls  per  row  -  139 

Pitch  diameter  =  42.5  inches 
Contact  Angle  *  +30° 

Race  curvature  *  52  inches 
Ball  diameter  =  0.6875  inch 
M  **  Moment,  swashplate 
R  p  =  Radius,  pitch  arm  =16  inches 
MP=  Pitch  moment,  rotor  blade 


alt  =  alternating 
s  =  steady 

Palt  ‘ 
or  s 


M 


sp 

Lsp 


w 


pa 
Palt 


sp 


=  3P  =  (3)  (0.75)Palt 


P  =  Pitch-link  load 

R  -  swashplate  arm  radius, 
SP  27.94  inches 

Tsp  =  Thrust,  swashplate 

2 

*25  Palt 

Flight 

Condition  %  Life 

palt 

lb 

Ps 

lb 

T 

sp 

lb 

MAX  Msp 
inch-lb 

M 

inch-lb 

High-Speed 

Level  Flight  11 

±5,000 

3,760 

11,300 

2.1  x 

105 

80,000 

Max.  Power 

Climb  8 

±4,600 

3,460 

10,400 

1.93  x 

105 

73,500 

Cruise  54 

±3,900 

2,940 

8,800 

1.64  x 

105 

62,500 

Transition  11 

±1,170 

880 

2,640 

.49  x 

105 

18,700 

Hover  10 

*1,170 

880 

2,640 

.49  x 

105 

18,700 

Auto-Rot.  6 

±1,420 

1,070 

3,220 

.597  x 

105 

22,600 

B10  Life;  Bearing 
Bearing 

Number 

Number 

1  5650 

2  2646 

hours 

hours 
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(spunoa)  czd  (spunoa) 


Airspeed  in  Knots 

NOTES : 

1.  Test  data  from  advanced  vibration  development 
(AVID)  flights  X-43  and  X-45 

2.  Analysis  from  rotor  analysis  program 

3.  Gross  weight  19,500  pounds 

4.  Altitude  2000  feet 

Figure  89.  Hub  Shaking  Force:  Correlation  of  Tests 
and  Analysis. 
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Blade  Linear  Twist  in  Degrees 


NOTES : 

1 .  Three-bladed  rotor 

2.  Blade  radius  =43  feet 

3.  Chord  =  42  inches 

4.  Rt  tor  speed  =  155  rpm 


5.  Tip  speed  =  700  feet  per  second 

6.  _  V  =  165  knots,  gross  weight 

87,000  pounds,  sea  level 

-  V  =  170  knots,  gross  weight 

75,700  pounds,  5000  f^et 


Figure  90.  Effect  of  Twist  on  Hub  Shaking  Forces. 
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FORWARD  ROTOR 


AFT  ROTOR 


Airspeed  in  Knots 


NOTES:  1.  Gross  weight  =  87,000  pounds 

2.  Sea  level  standard  day 

3.  Three-bladed  rotor 

4.  Blade  radius  =  43  feet 

5.  Chord  =  42  inches 

6.  Blade  linear  twist*-6  degrees 

7.  Rotor  speed  =  155  rpm 

8.  Tip  speed  =  700  feet  per  second 

Figure  91.  Effect  of  Airspeed  on  Rotor  Forces. 
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Figure  93.  Geometric  Similarities  Between  Heavy-Lift 
Helicopter  and  CH-47A. 


Phase  in  Degrees  Response  in  g  Phase  in  Degrees  Response  in 


FORWARD  HUB  EXCITATION 
^q,15| — Vertical  Force 


0.10 


0.05 


!S 


AFT  HUB  EXCITATION 
0.15 1— Vertical  Force- 


■BIBB 


[Vertical  Phase  Lag 


8  9  10 


Vertical  Phase  Lag 

I  I  l 


0* 15r  Pitching  Moment 


0.10 


Pitching  Moment 


0.05 


360iPitc 


hase  Lag 


360 pitching  Phase  La 


Frequency  in  Cycles  per  Second 

NOTES : 

1.  Gross  weight  87,000  pounds 

2.  Based  on  CH-47A  measured  response  data 


Figure  95.  Fuselage  Response  to  Rotor  Forces 


NOTES : 


1. Gross  weight  =  87,000  pounds  9. Airspeed  noted 
2. Sea  level  standard  day  10. Response: 


3.  Three-bladed  rotor 

4.  Blade  radius  =43  feet 

5.  Chord  =  42  inches 


M, 


.zf 

xf 

xf 


6.  Blade  linear  twist  =  -6  degrees 

7.  Rotor  speed  =  155.5  rpm  Fza 

8.  Tip  speed  =  700  feet  per  second  Mya 


forward  vertical  force 
forward  pitching  moment 
forward  longitudinal 

force 

aft  vertical  force 
aft  pitching  moment 


Figure  96.  Synthesized  Cockpit  Vibration  Level. 
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Cockpit  Vibration  Level  in 


100  120 


140 


160 


180 


Airspeed  in  Knots 


Figure  97.  Predicted  Cockpit  Vibration  Level  With 
out  Antivibration  Devices. 


2 


dulum 


Figure  98.  Blade  Pendulum  Absorber. 


Acceleration  in 


.7 


0  i  J  1  I  1  1  1  i  1  I  1 _ I  i  i 

0  20  40  60  80  100  120  140 

Airspeed  in  Knots 


NOTE:  CH-46A  Flight  vibration  data  cockpit  30  vertical 


Figure  99.  Cockpit  Absorbers. 
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Cockpit  Acceleration  in 


NOTE: 

CH-46A  flight  vibration  data  cockpit 
3/rev  vertical 


Figure  100.  Force  Balancer. 
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STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS 
OF  THE  HINGELESS  SEMIRIGID  ROTOR 


BACKGROUND 


The  resurgence  of  interest  in  the  hingeless  rotor  has  prompted 
its  reevaluation  as  potential  design  for  the  heavy-lift  heli¬ 
copter.  The  proponents  of  the  hingeless  rotor  have  generally 
been  manufacturers  of  single- lift/antitorque  rotor  helicopters, 
for  whom  the  concept  offers  additional  agility  for  in-flight 
maneuvers.  It  is  questionable  whether  a  tandem- lift  rotor 
helicopter  could  make  use  of  this  attractive  feature  without 
incurring  side  effects  which  would  offset  the  gains.  For 
these  reasons,  a  parametric  study  was  developed  to  evaluate 
the  hingeless  rotor  concept  for  use  in  a  tandem-lift  rotor 
system. 

This  study  of  the  hingeless  semirigid  rotor  system  is  limited 
to  an  exploratory  parametric  analysis.  Although  the  study 
does  not  represent  an  optimized  rotor,  it  does  indicate  the 
areas  of  risk,  the  possible  weight  increment,  and  areas  worthy 
of  further  study.  The  weight  penalty  for  a  semirigid  rotor 
in  the  tandem- lift  rotor  system  is  detailed  in  the  WEIGHTS 
section.  The  weight  differences  between  hingeless  and  artic¬ 
ulated  rotors  with  steel  and  titanium  components  can  be  sum¬ 
marized  as  follows: 


Articulated 

Hingeless 

(lb) 

(lb) 

Three  rotor  blades 

Steel 

2396 

3355 

Titanium 

2364 

3315 

Hub,  hinge,  and  retention 

(total) 

Steel 

2041 

1705 

Titanium 

1529 

1280 

Each  rotor 

Steel 

4437 

5060 

Titanium 

3893 

4595 

Two  rotors 

Steel 

8874 

10120 

Titaniur 

7786 

9190 

245 


+1246 

+1404 


Difference  per  aircraft  for  hingeless 
Steel 
Titanium 

The  parametric  study  was  oriented  toward  establishing  the 
boundaries  which  define  the  acceptable  blade  design.  The 
boundaries  investigated  were  those  associated  with  the 
physical  limitations  and  control  power  requirements  of  the 
heavy-lift  helicopter. 

The  initial  issue  at  hand  in  the  study  of  the  hingeless  rotor 
is  to  demonstrate  the  capability  for  arriving  at  a  practical 
blade  design  for  a  high  gross  weight  helicopter.  It  was 
anticipated  that  a  blade  which  could  support  the  loads  imposed 
by  the  gross  weights  involved,  and  simultaneously  meet  a 
minimum  vibratory  stress  requirement,  would  not  be  competitive 
in  weight  with  an  articulated  blade.  Indeed,  a  further  ques¬ 
tion  arose  of  whether  the  so-called  conventional  blade  or  the 
matched-stiffness  blade  would  be  the  better  configuration. 

The  trade  between  the  two  is  essentially  the  decrease  in  the 
matched-stiffness  blade's  chordwise  bending  loads  which  is 
associated  with  the  decoupling  of  the  flapwise  and  chordwise 
mass-stiffness  properties  (Reference  11) .  It  was  therefore 
decided  to  study  both  types  of  blades  to  determine  areas 
where  design  solutions  might  be  evident. 

If  it  is  assumed  that  design  solutions  with  sufficient  strength 
and  rigidity  can  be  found,  the  question  arises  whether  the 
blades  will  provide  rotor  force  output  characteristics  which 
will  meet  control  requirements  of  the  tandem-lift  rotor  heli¬ 
copter.  It  was  evident  from  consideration  of  control  power 
requirements  that  the  lateral  force  vectors  needed  to  produce 
yaw  control  would  be  a  major  concern.  The  added  flapping  re¬ 
straint  of  the  hingeless  rotor  was  assumed  to  decrease  lateral 
force  output  at  a  constant  cyclic  input,  and  subjected  the 
structural  system  to  greater  self-equilibrating  scalar  moments 
normal  to  the  roll  axis  than  would  have  been  experienced  in  the 
articulated  system.  It  appeared  that  as  a  result  of  the  in¬ 
creased  moments,  the  hingeless  rotor  would  not  be  competitive 
with  the  articulated  system  in  tandem  configurations. 

The  final  question  is,  given  a  set  of  blades  which  meets  these 
design  requirements,  whether  these  blades  will  satisfy  minimum 
requirements  for  static  deflection.  The  basic  concern  was 
static  clearance  between  a  very  flexible  blade  and  the  air¬ 
frame. 
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Although  the  hingeless  rotor  study  will  be  limited  in  depth 
and  will  not  attempt  to  represent  an  optimized  rotor,  it 
must  examine  a  broad  range  of  variables  in  order  to  identify 
the  design  solutions.  Although  this  approach  differs  sig¬ 
nificantly  from  that  used  for  the  articulated  rotor  study 
(which  assumed  the  articulated  solution  and  concentrated  on 
load  acquisition  and  design  refinement) ,  the  same  analytical 
method  was  used  for  both,  with  the  additional  constraint 
imposed  by  locking  out  the  flapping  and  lagging  pins  for  the 
hingeless  rotor  study. 

Two  blades  were  studied:  the  D-spar  metal  blade  and  the 
matched-stiffness  metal  blade.  Tip  weights  were  used  to  meet 
the  same  coning  angle  criteria  as  the  articulated  rotor.  To 
compare  semirigid  and  articulated  rotors  more  thoroughly, 
dynamic  similarity  should  be  maintained,  but  this  was  outside 
the  scope  of  this  study. 

The  following  investigations  would  be  required  in  a  detailed 
study  for  optimization,  but  were  excluded  from  the  scope  of 
this  study: 

1.  Optimizing  the  portion  of  the  blade  over  which 
most  of  the  flexure  occurs  to  obtain  the  maximum 
lateral  force  output  at  the  minimum  hub  overturning 
moment 

2.  Evaluation  of  the  most  promising  design  configura¬ 
tions 

3.  Study  of  matched- frequency  hingeless  blades  where 
the  chordwise  frequency  is  established  by  air/ 
ground  resonance  requirements 

4.  The  effect  of  preconing  on  lateral  aerodynamic 
force  output 

5.  Ways  of  minimizing  the  increase  in  the  spanwise 
vibrato ry  bending  moments  induced  by  maneuvering 

6.  Development  of  the  physical  properties  to  eliminate 
the  tip  weight,  and  construction  of  blades  in  all 
categories  (conventional  D-spar  and  matched¬ 
stiffness)  to  be  dynamically  similar  over  the 
range  of  inboard  stiffnesses. 
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A  review  of  bending  moments  versus  the  allowable  moments  shown 
in  Figures  112,  113,  120,  and  121  indicates  that  optimized 
blades  can  be  made  for  the  hingeless  semirigid  rotor  with 
adequate  margins  for  the  heavy-lift  helicopter.  Detailed 
conclusions  for  applying  the  hingeless  rotor  to  the  tandem- 
lift  helicopter,  and  the  areas  of  risk,  are  given  in  the 
ROTOR  SYSTEM  PARAMETRIC  ANALYSIS. 

CONCLUSIONS 


A  hingeless  rotor  blade  and  hub  assembly  is  a  feasible  concept 
for  use  on  a  high  gross  weight  helicopter.  Such  a  blade  system 
should  have  the  following  design  features: 

1.  Preconing  to  reduce  steady  bending  stresses  and  to 
improve  blade-to-fuselage  clearance 

2.  Avoidance  of  the  use  of  tip  weights  to  optimize 
steady  aerodynamic  force  output 

A  hingeless  matched-stiffness  rotor  has  the  following  merits 
relative  to  an  articulated  rotor: 

1.  Reduced  steady  chordwise  bending  moments 

2.  More  control  power  for  a  given  cyclic  input 
The  same  rotor  has  the  following  disabilities: 

1.  Increased  flap  vibratory  moment  sensitivity  due 
to  cyclic  control  input  during  maneuvers 

2.  High  rotor  hub  overturning  moments 

3.  Susceptibility  to  air-ground  resonance  problems 
which  must  be  solved  outside  the  rotor  system 

In  the  tandem-lift  rotor  helicopter,  rotor  moment  is  carried 
as  an  internal  circuit  load  and  does  not  produce  useful  external 
forces  on  the  helicopter,  except  in  the  roll  mode.  As  an 
example,  the  tandem  rotor  helicopter  normally  derives  its  yaw 
control  from  differential  lateral  thrust  output  (see  Figure 
101) ,  which  relies  on  the  magnitude  of  the  rotor  force  output. 
Furthermore,  the  yaw  force  schematic  (Figure  101)  shows  the 
typical  load  vector  situation  in  which  the  hub  moments  and 
forces  are  self-equilibrating.  Here,  the  hub  moment  load 
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Yaw  Moment  =  F  *  L 
Yo 

Roll  Moment  =  FyQ  x  (h)  -  GW  x  (d)  -  Mhubp  +  MhubA  ■ 
Pitch  Moment  =  0 

Epx  =  5Fy  =  5Fz  =  0 


Figure  101.  Yaw  Schematic. 
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path  is  through  the  hub  into  the  rotor  shaft,  out  of  the  rotor 
shaft  through  the  rotor  support  bearings,  and  thence  to  the 
airframe  beam.  Therefore,  the  rotor  shaft  and  bearings  must 
be  sized  for  fatigue  loads  (rotating  beam  loads)  which  do  not 
add  to  the  total  system  capability.  These  fatigue  loads 
result  in  a  weight  penalty  (A)  (see  Figure  102)  which  is 
calculated  as  follows: 


1.  Assume  a  rotor  shaft  which  has  been  sized  for 
articulated  loads. 

2.  Let  the  couple  distance  (h)  be  defined  by 
practical  limits. 


3.  Let  Ro/R  be  a  constant  for  any  R  chosen. 

Calculate  the  delta  weight  of  the  rotor  shaft: 


Ml  =C2xIl/EL\ 
m2  i 2  ci  -  y  R2) 


where 
Ro 


—  =  k  =  constant 


■  fr) 1 


V, 


pA  =  wlb/in  =  pn  (R2-Ro 2 )  =  pirR2 


[*  •©■] 


(1) 


(2) 

(3) 


sl  =/Ri\  2  =  /ml\  '/ 

u2  \2/  \2  / 


%Ao). 


T 

(Shaft) 


=  “HULL 
<*>1 


x  100  = 


(*12.) 
M1  \M1  / 


«2.\  Vl 


U). 


(0  • 


x  100 


■  /Sf) 


”2.)  %  -1 


100 
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In  addition  to  the  normal  maneuvers  just  discussed,  there  is 
a  trim  control  consideration  which  is  unique  to  the  tandem- 
lift  rotor  helicopter.  In  forward  flight,  the  rotor  blades 
flap  up  in  the  leading  portion  of  the  rotor  disk  and  down  in 
the  trailing  portion,  which  limits  the  helicopter’s  forward 
speed  at  a  given  forward  cyclic  trim.  Additional  trim  must 
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Figure  102.  Delta  Weight  Analysis 


be  supplied  to  suppress  blade  flapping  above  that  trim  which 
is  required  to  obtain  the  thrust  vector  for  forward  flight. 

The  incremental  trim  required  to  suppress  flapping  is  auto¬ 
matically  introduced  through  the  longitudinal  trim  actuators, 
which  are  governed  by  the  forward  flight  aerodynamic  pressure. 
Should  this  trim  system  fail,  the  forward  airspeed  can  be 
maintained  by  introducing  a  small  amount  of  differential 
collective  pitch.  When  the  differential  collective  pitch  is 
used  to  offset  a  failed  trim  actuator,  the  rotor  blades  are 
forced  to  operate  at  high  flapping  angles.  In  a  hinge less 
tandem-lift  rotor  system,  the  fatigue  damage  this  would  cause 
would  exceed  the  fatigue  schedule  considerably  more  than  it 
would  in  an  articulated  rotor  system  (see  Figures  115  and  123). 
Therefore,  a  proper  design  fatigue  schedule  for  a  hingeless 
rotor  system  should  reflect  a  proportion  of  all  flight  time 
with  the  trim  actuator  inoperative.  Such  a  fatigue  schedule 
would  manifest  itself  in  the  design  as  weight  penalty  in 
addition  to  the  weight  discussed  previously. 

CONFIGURATION 

Helicopter 

A  crane/personnel  carrier  was  used  for  this  study  in  order  to 
obtain  the  maximum  variation  of  fuselage  attitude  over  the 
speed  range  considered.  The  basic  geometry  of  the  airframe 
is  shown  in  Figure  103.  The  operating  conditions  assumed  were 
as  follows: 

1.  Gross  weight:  82,000  pounds 

2.  Sea  level  standard  day 

3.  Center-of-gravity  location:  neutral 

4.  Equivalent  flat-plate  area:  238.6  square  feet 

5.  Load  factor  at  center  of  gravity:  1.0 

6.  Collective  input:  as  required 

7.  Longitudinal  cyclic  input:  -3  forward,  -3  aft 

8.  Lateral  cyclic  input:  as  specified 

9.  Airspeed:  100  to  140  knots 

10.  Rotor  rpm:  155.5 
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Rotor  Blade 


The  rotor  blade  physical  properties  were  synthesized  by  evalu¬ 
ating  the  overall  rotor  weight  trends  and  developing  stiffness 
data  to  meet  these  weight  requirements.  The  resultant  blade 
is  qualitatively  similar  to  the  detail  blade  design  described 
for  the  articulated  rotor.  In  order  to  compare  natural  fre¬ 
quencies  with  those  for  an  articulated  rotor  blade,  an  effec¬ 
tive  flapping  hinge  offset  at  8-percent  radius  was  used  in 
the  analysis.  Two  blade  forms  were  considered:  the  so-called 
conventional  blade  shown  in  Figures  104,  105,  and  106,  and  a 
matched-stiffness  blade  shown  in  Figures  107  and  108.  Both 
blades  had  the  following  basic  external  geometry: 

1.  Radius:  43  feet 

2.  Chord:  3.5  feet 

3.  Thickness/chord  ratio:  0.12 

4.  Airfoil  cutout:  20-percent  radius 

The  significant  physical  difference  between  the  two  blade 
forms  is  the  acting  trailing  edge  which  is  used  in  the  conven¬ 
tional  blade  to  tune  the  chordwise  natural  frequencies.  It  is 
assumed  in  the  study  that  any  undesirable  frequency  effects  of 
the  matched-stiffness  blade,  such  as  ground  resonance,  can  be 
controlled  by  some  technique  other  than  the  changing  of  blade 
physical  properties. 

Tip  weights  were  used  to  obtain  centrifugal  force  stiffening 
(a  virtual  change  in  mass  stiffness,  i.e.,  Em/EI) .  This 
approach  permitted  the  study  to  vary  the  mass  stiffness  without 
obscuring  the  blade  configuration  being  used.  In  the  typical 
blade  design,  tip  weights  would  not  be  used  per  se.  Rather, 
the  zm/EI  relationship  would  be  altered  to  meet  the  design  re¬ 
quirements  with  the  possible  addition  of  a  tip  weight  for  fine 
dynamic  adjustments.  Steel  D-spar  blades  were  assumed  for  the 
study,  which  was  a  conservative  approach.  It  can  be  shown  that 
for  blades  of  equivalent  Em/EI,  a  fiberglass  plastic  blade  is 
roughly  3.6:1  better  than  a  steel  blade  in  terms  of  fatigue 
strength.  The  conclusion  may  be  drawn  then  that  a  steel  blade 
which  is  marginally  satisfactory  may  be  replaced  by  the  equiv¬ 
alent  fiberglass  plastic  blade  which  would  be  totally  satis¬ 
factory. 
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Figure  104.  Spanwise  Weight  Distribution  of 
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Figure  107 .  Spanwise  Weight  Distribution  of 
Matched-Stiffness  Blade. 


Figure  108.  Spanwise  Stiffness  Distribution  of 
Matched-Stiffness  Blade. 


METHOD  OF  ANALYSIS 


It  was  necessary  first  to  establish  a  set  of  baseline  blades. 

The  blades  were  developed  on  the  basis  that  low  fatigue-stress 
allowables  required  that  the  blade  be  very  flexible  and  there¬ 
fore  have  low  induced  bending  moments.  Such  blades  tend  to 
conform  to  an  elastic  curve  established  by  equilibrium  between 
blade  weight  centrifugal  forces  and  blade  lift.  For  a  rotor 
system  which  uses  a  hub  fixed  to  the  rotating  shaft,  as  opposed 
to  a  teetering  hub,  the  bending  load  distribution  induced  on 
the  rotor  blade  by  flexing  up  is  a  function  of  the  inboard 
flexibility.  Thus,  the  initial  investigation  involved  varying 
the  stiffness  of  the  inboard  20-percent  radius  and  observing 
the  influence  over  the  remainder  of  the  blade.  Observations 
were  made  in  terms  of  blade  bending  moment,  hub  overturning 
moment,  and  static  deflections.  The  stiffness  variations  were 
done  in  parameters  of  lateral  cyclic  control  to  demonstrate 
the  range  of  blade  bending  moment  at  each  inboard  stiffness. 

Data  from  this  set  of  parameters  were  used  to  show  the  variation 
of  steady  lateral  aerodynamic  force  output  with  respect  to 
cyclic  control  in  parameters  of  inboard  blade  stiffness. 

Finally,  the  variation  in  blade  bending  with  forward  velocity 
was  checked  for  one  moderate  inboard  root  stiffness,  which  was 
used  for  both  speed-sweep  studies.  Superimposed  on  these 
figures  are  data  which  demonstrate  the  parametric  variation  due 
to  coning  angle  reduction  and  centrifugal-force  stiffening. 

For  comparative  purposes  the  baseline  blades  were  analyzed  as 
articulated  blades  at  points  of  interest  in  the  study  regime. 
These  data  points  are  shown  as  single  points  on  the  plots, 
except  as  noted. 

RESULTS  OF  ANALYSIS 


The  results  of  the  analysis  appear  in  two  sets  of  plots 
following  the  text:  Figures  109  through  116  for  the  matched- 
stiffness  blade,  and  Figures  117  through  124  for  the  conven¬ 
tional  blade.  They  are  arranged  in  parallel  so  that  the  data 
can  readily  be  compared: 

1.  Natural  frequencies 

2.  Vibratory  bending  characteristics 

3.  Speed  sweeps  at  constant  inboard  flap  stiffness 

4.  Flapwise  and  chordwise  bending  moments 

5.  Steady  lateral  aerodynamic  force  output 

6.  Hub  overturning  moments 

7.  Static  deflection  characteristics 
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Natural  Frequencies 


The  following  sketch  defines  for  this  report  the  relationships 
of  mode  numbers  and  associated  frequencies  of  the  hingeless 
and  articulated  rotor  systems : 


MTICULATW 


1 


Note  that  both  the  hingeless  and  articulated  rotor  systems  have 
fundamental  modes  which  have  no  nodal  points  (the  r/R  of  zero 
is  a  boundary,  not  a  node) .  This  establishes  the  numeral  termi¬ 
nology  of  the  natural  modes,  beginning  with  zero.  The  indicated 
subscripts  of  the  symbol  oj  match  the  numeration  of  the  mode,  so 
that  the  frequency  and  mode  notations  correspond  to  the  nodal 
indices. 

Associated  with  the  rotor  blade  bending  mode  shapes,  higher 
than  the  first  mode,  are  nonlifting  flexure  bending  stresses 
which  reduce  the  fatigue  life  of  the  rotor  blade.  Depending 
*  on  how  successfully  these  natural  mode  frequencies  are 

avoided,  the  amplitude  of  each  mode  can  be  reduced  to  a 
minimum.  Since  this  study  was  conducted  at  one  operating 
speed  (RPM) ,  it  was  convenient  to  show  both  hinged  and  hinge¬ 
less  blades  on  a  natural  frequency  diagram  of  nondimens ional 
natural  frequency  versus  rotor  tip  weight.  Figures  109  and 
117  demonstrate  satisfactory  avoidance  of  the  first  three 
natural  blade  frequencies  relative  to  the  forcing  frequency 
(ft)  used  in  the  study.  Both  types  of  matched-stiffness  blades 
exhibit  desirable  natural  frequency  changes  with  the  addition 
of  tip  weights. 
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Strength  and  Rigidity 


Figures  110  and  118  reflect  the  influence  of  inboard  root 
stiffness  on  the  vibratory  bending  moment  at  selected  points 
on  the  blades.  The  bending  moments  for  both  weighted  and 
unweighted  blades  are  shown  with  the  allowable  blade  bending 
moment. 

It  is  evident  that  the  conventional  blade  is  more  sensitive 
to  root  stiffness  variation  than  the  matched-stiffness  blades. 
This  is  particularly  true  in  the  outboard  blade  region,  where, 
in  addition  to  stiffness  sensitivity,  the  conventional  blade 
is  strongly  affected  by  increasing  forward  speed  (Figures  111 
and  119).  However,  the  curves  indicate  a  possible  design  solu¬ 
tion  with  a  conventional  configuration  but  with  a  very  soft 
inboard  flapping  stiffness.  Of  course  static  deflections  then 
become  large,  requiring  a  mechanism  to  limit  them.  Also,  in¬ 
creased  root  flexibility  seems  to  satisfy  the  chordwise  bending 
best.  Indeed,  trends  indicate  that  a  bending  moment  asymptote 
may  occur  at  the  higher  inboard  stiffness,  and  this  potential 
should  be  pursued.  Most  notable  about  the  matched-stiffness 
blade  is  the  wide  range  of  apparent  design  solutions.  Once 
more,  the  most  favorable  design  solution  seems  to  be  at  the 
low  end  of  the  inboard  stiffness  scale. 

Figures  112,  113,  120,  and  121  are  typical  spanwise  moments 
plots.  These  plots  include  the  allowable  moment  distribution 
to  provide  a  basis  for  comparison.  These  curves  are  intended 
to  indicate  what  is  happening  over  the  remainder  of  the  blade, 
with  the  objective  of  demonstrating  the  validity  of  the  charac¬ 
teristic  curves.  In  general,  the  characteristic  curves  are  a 
good  indication  of  the  total  blade  phenomenon.  It  is  also 
notable  that  the  bending  moments  in  the  outboard  20  percent  of 
both  blade  types  are  of  the  same  order  of  magnitude. 

Control  Power 


Control  power  is  shown  as  a  function  of  steady  lateral  aero¬ 
dynamic  force  output  (Fy0)  versus  lateral  cyclic  control  input 
(6i)  in  Figures  114  and  122.  These  graphs  make  the  significant 
point  that  the  hingeless  rotor  has  the  greater  yaw  control 
power,  f  (Fy0, 6 i ) ,  which  is  contrary  to  first  thoughts.  How¬ 
ever,  the  additional  control  power  is  not  gained  without 
exacting  an  equally  significant  debilitation  in  two  design 
areas.  First,  the  hingeless  rotor  blade  obviously  must  support 
additional  root  vibratory  moments  at  constant  cyclic  control 
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input,  which  is  not  the  case  for  articulated  rotors.  Second, 
the  hingeless  rotor  induces  extremely  large  steady  hub  bending 
moments  with  steady  cyclic  control  input.  Once  more,  this  is 
not  the  case  for  the  articulated  rotor.  Articulated  rotors  do 
produce  steady  hub  moments,  but  they  are  limited  by  the  verti¬ 
cal  shear  in  the  rotor  and  by  the  hinge  offset.  The  difference 
between  the  two  moments  is  an  order  of  magnitude  as  shown  in 
Figures  115  and  123. 

Rotor  Hub  Overturning  Moment 

The  rotor  hub  overturning  moment  reflects  the  rotor  shaft 
design  requirements.  Both  blade  types  exhibit  detrimental 
trends  for  this  parameter  as  the  inboard  root  stiffness  is 
increased  (Figures  115  and  123)  .  Neither  blade  has  desirable 
traits  in  this  respect,  but  the  matched-stiffness  blade  is  the 
least  offensive. 

Static  Deflection 


The  static  deflection  curves  (Figures  116  and  124)  establish 
one  of  the  minimum  root  stiffness  requirements.  Both  blade 
types  are  satisfactory  for  ground  gust  criteria,  and  only  the 
matched-stiffness  blade,  at  low  inboard  stiffness,  is  re¬ 
stricted  at  the  3g  ground- flapping  limit. 

EVALUATION  OF  ANALYSIS 

Table  XXII  is  set  up  to  evaluate  the  design  features  used  in 
the  parametric  study  in  a  quantitative  way.  Several  important 
features  of  the  parametric  curves  are  listed  and  graded  as 
desirable  or  not  desirable.  The  desirability  distinction  is 
made  for  each  option  only  as  the  option  is  considered.  Com¬ 
parison  of  the  numerical  factors  identifies  the  best  all- 
around  design  option. 


Nondimensional  Natural  Frequencies 


Tip  Weight  in  Pounds 


NOTES : 

1.  Root  EIchord  ~ 

2.  =  constant  = 

3.  Legend: - 


13.0  x  10"®  inch2-pounds 
155  rotor  rpm 

—  Typical  high  inboard  stiffness 

—  Typical  low  inboard  stiffness 

—  Articulated 


Figure  109.  Flapwise  and  Chordwise  Natural 

Frequencies  of  the  Hingeless  Rotor 
With  Matched-Stiffness  Blades. 
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^3=  extrapolated  trim 

Figure  111.  Speed  Sweep  at  Constant  Inboard  Flap 
Stiffness  for  the  Hingeless  Rotor 
With  Matched-Stiffness  Blades. 


Flap  Inch-Pounds 


NOTES : 

1  •  vForward  =  -*-20  knots»  sea  level 

2.  8  =  155  rotor  rpm 

3.  Trim  noted 

4.  EIFiap  =  6x10  8inch2-pounds  (inboard  20%  R) 

5.  R  =  p516  inches 

Figure  112.  Flapwise  Bending  Moments  of  the  Hinge¬ 
less  Rotor  With  Matched-Stiffness  Blades. 
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Mch0rd  Inch-Pounds  x  10 


in 


t 


NOTES : 

1. 

2. 

3. 

4. 

5. 


Blade  Station  r/R 


V 

^Forward 


=  120  knots,  sea  level 
=  155  rotor  rpm 


Trim  noted 

8 

EIChord  =  6  x  10  inch2-pounds  (inboard  20%  R) 
R  =  516  inches 


Figure  113.  Chordwise  Bending  Moments  of  the  Hinge¬ 
less  Rotor  With  Matched-Stiffness  Blades. 
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Figure  114.  Steady  Lateral  Aerodynamic  Force  Output 
for  the  Hingeless  Rotor  With  Matched- 
Stiffness  Blades. 


Rotor  Shaft  Moment  in 


"pitch  =  i<C-F->  (Aif) (e)  Mpitch  =3Hj 
2  2 


NOTE:  =  Average  vibratory  moment 


Figure  115.  Comparison  of  Hub  Overturning  Moments 
for  Hingeless  and  Articulated  Rotors 

With  Matched-Stiffness  Blades. 
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NOTE:  £>  =  Envelope  of  allowable  static  deflection 
(nonrotating) 


Figure  116,  Static  Deflection  Characteristics  of 
the  Hingeless  Rotor  With  Matched- 
Stiffness  Blades. 
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Nondimensional  Natural  Frequencies, ft 
Chordwise  Flapwise 


NOTES : 

1.  Root  El 


40  60 

Tip  Weight  in  Pounds 


j 

1 


■ 

I 

a 


1.  Root  EI-.  =  El  =  25.8  x  10  inch2-pounds 

flap  chord 

2.  ft  =  constant  =  155  rotor  rpm 


3.  Legend: 


_  hingeless 

-  articulated 


Figure  117. 


Flapwise  and  Chordwise  Natural  Fre¬ 
quencies  of  the  Hingeless  Rotor  With 
Conventional  Blades. 
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Vibratory  Bending 
Moment  Allowable-! 


-Articulated  Blade 

.With  150-Pound _ 

Tip  Weight  I 


■Y  Rigid  Blade  ■■ 
/'With  100-Pound  ! 
^Tip  Weight  and  Trim' 


/-Rigid  Blade 
T  With  0-Pound 
Tip  Weight, =  5° 
— I — and  Trim 


NOTES : 

1.  V^. 


0.1  0.2  0.3 


0.5  0.6  0.7  0.8  0.9  1.0 


Blade  Station  r/R 
3.  Trim  noted 


1.  Vporward  =  120  knots  4.  E I  p  ^ ap  —  j. a  a«  a .. <_h  uhuj 

2.  «  =  155  rotor  rpm  (inboard  20%R) 

5 .  R  =  516  inches 

Figure  120.  Flapwise  Bending  Moments  of  the  Hinge¬ 
less  Rotor  With  Conventional  Blades. 


=  13  x  10  inch2-pounds 


^hord  -*-n  ^ch- Pounds 


NOTES: 
1.  V 


=  120  knots 


Forward 

2.  0,  =  155  rotor  rpm 

3.  Trim  noted 


4. 

5 


EIChord 
R  =  516 


=  25.8  x  108 
inches 


inch2-pounds 


(inboard  20%R) 


Figure  121.  Chordwise  Bending  Moments  of  the  Hinge¬ 
less  Rotor  With  Conventional  Blades. 
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NOTES : 

1.  Airspeed  120  knots;  155  rotor  rpm 

2.  Control  power  (Fy/0^0)  pounds  per  degree: 

Unweighted  hingeless  =  1100 
Weighted  hingeless  =  940 
Weighted  articulated  =  760 


Figure  122.  Steady  Lateral  Aerodynamic  Force  Output 

for  the  Hingeless  Rotor  With  Conventional 
Blades. 
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Rotor  Shaft  Moment 


4vy  Comp  CF  f  ,5, 


\  M 


C.F., 


"  Cu 

Articulated  Hub 


“Pitch  =  1  <C*F*> (a1f 
2 


“pitch 


3/2  Mx 


NOTE:  =  Average  vibratory  moment 


Figure  123.  Comparison  of  Hub  Overturning  Moments  for 
Hingeless  and  Articulated  Rotors  With 
Conventional  Blades. 
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Static  Droop  in  Inches 


El  In  Inch2-Pounds  x  10 
Flap 

NOTE:  D>  Envelope  of  allowable  static 
droop  (nonrotating) 


Figure  124.  Static  Deflection  Characteristics  of  the 
Hinge less  Rotor  With  Conventional  Blades. 
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TABLE  XXII 

DESIGN  FEATURES  OF  CONVENTIONAL  AND  MATCHED-STIFFNESS 
BLADES  FOR  THE  HINGELESS  SEMIRIGID  ROTOR 


Design  Features*/Column  Number 


Selection  of  Design 
Options 


Options* 


1.  Conventional  blade,  low  inbd  stiffness 
(6  x  10"®  in.  -lb) ,  no  tip  weight 

2.  Conventional  blade,  high  inbd  stiffness 
(25.8  x  10"®in.2-lb) ,  no  tip  weight 

3.  Conventional  blade,  low  inbd  stiffness 
(6  x  10“®  in.2- lb),  with  tip  weight 

4.  Matched-stiffness  blade,  low  inbd  stiffness 
(6  x  10"®  in.2- lb),  no  tip  weight 

5.  Matched-stiffness  blade,  high  inbd  stiffness 
(13  x  10"®  in.2- lb),  no  tip  weight 

6.  Matched-stiffness  blade,  med  inbd  stiffness 
(9  x  10"®  in.2-lb),  with  tip  weiqht 

(D  ©  ©  ©  ©  © 


“Flap  INBD  + 

Mpiap  OUTBD  -  + 

Mchord  INBD  -  ± 

Mchord  0UTBD  "  + 

Moment  scatter  due  to  6 
Speed  sweep  -  + 

Steady  aerodynamic  force  +  + 

Static  deflection  +  + 

Hub  overturning  moment  + 


l/l  +1  _  5  *6  -  5 

9  9  9  9 

Design  selection  factor  _  2  +  .1 

”  '  9  9 


+ 

+ 


+ 

+ 

+ 


+  + 

+  + 


+  + 
+ 

+ 


+2-3  +2  -  2 

9  9  9  9 


+ 


5 

9 


•Options  versus  design  features*  +  =  desirable,  -  =  not  desirable 
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PRELIMINARY  DESIGN  LAYOUTS 


The  rotor  pylons,  the  structure,  the  powerplant,  and  the  drive 
system  are  shown  in  Figures  125  and  126  to  provide  a  frame  of 
reference  for  the  design  layouts  discussed  in  this  section. 

ROTOR  BLADES  FOR  AN  ARTICULATED  ROTOR  SYSTEM 


Four  blade  construction  configurations  were  studied  to  deter¬ 
mine  the  optimum  blade  configuration  for  the  heavy- lift  heli¬ 
copter  articulated  rotor  system:  the  steel  D-spar,  the 
titanium  D-spar,  the  steel  hexagonal-spar,  and  the  fiberglass- 
plastic  C-spar  blade.  Design  consideration  was  given  to 
alternating  and  steady  stress  levels;  dynamic  characteristics; 
static  droop,  buckle  or  rupture;  and  manufacturing  concepts. 
STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS  OF  THE  ARTICULATED 
ROTOR  SYSTEM  is  described  in  the  section  so  titled. 

Description  of  Configurations 

The  steel  D-spar  and  titanium  D-spar  blades  (Figure  127)  are 
of  similar  construction  except  for  the  spar  material  used. 

The  spar  is  formed  froi^  a  constant-OD,  step-tapered-ID  tube 
to  a  nonsymmetrical  contour  following  the  NACA  23012  airfoil. 
An  electrical  deicing  blanket  and  a  stainless  steel  abrasion 
strip  bonded  to  the  leading  edge  of  the  spar  fall  within  the 
airfoil  contour.  The  bottom  of  the  spar  has  a  full-span 
stiffener  bead  formed  in  it  to  break  the  large  flat-plate 
area  and  to  help  achieve  the  static-buckle  requirements.  The 
trailing-edge  fairing  is  segmented  fiberglass-cloth-reinforced 
epoxy  panels  laid  up  at  a  45-degree  bias  over  contoured 
honeycomb  core.  The  fairing  is  bonded  to  the  heel  of  the 
spar,  and  the  joints  are  aerodynamically  sealed.  The  trailing 
edges  of  the  fairings  are  bonded  to  a  continuous  laminated 
stainless  steel  strip.  A  channel  with  a  .variable- thickness 
weight  is  bonded  into  the  leading  edge  of  the  spar  for  weight 
and  balance  control.  The  inboard  end  of  the  spar  is  threaded 
for  attachment  to  the  socket.  The  socket  has  lugs  for  two- 
pinned  attachments  to  the  pitch  housing.  This  two-pinned 
joint  can  be  used  either  for  blade  removal  or  for  manual  blade 
folding.  It  is  common  to  the  four  blades  in  the  study. 

The  steel  hexagonal- spar  blade  (Figure  128)  has  a  spar  with  a 
hexagonal  outer  contour  and  a  circular  inner  contour.  The 
hexagonal  contour  is  made  by  machining  flats  on  a  heavy-walled 


tube  which  has  a  step- tapered  ID,  thus  providing  wall  thickness 
variations  for  frequency  tuning  and  weight  savings.  A  stain¬ 
less  steel  nose  cap  bonded  to  the  flats  machined  on  the  spar 
forms  the  leading  edge  contour.  An  electrical  deicing  blanket 
is  bonded  to  the  outside  of  the  nose  cap  and  a  variable-density 
nose  block  is  bonded  to  the  inside.  This  assembly  is  stabil¬ 
ized  by  an  aluminum  honeycomb  core.  The  trai ling-edge  strip 
and  fairings  are  similar  to  those  on  the  D-spar.  The  machining 
of  the  spar  washes  out  to  a  round  inboard  section  which  is 
threaded  for  root-end  attachment.  A  drag  strut  between  the 
trailing-edge  strip  and  an  A-frame  on  the  socket  is  required 
because  of  low  chordwise  spar  stiffness.  Stainless  steel 
doublers  are  required  at  the  inboard  end  of  the  constant  air¬ 
foil  section  to  transfer  shear  loads  from  the  drag  strut  to 
the  spar. 

The  plastic  C-spar  rotor  blade  (Figure  129)  has  a  spar  of 
unidirectional  continuous  fiberglass  filaments  in  an  epoxy 
resin  system  wrapped  inside  and  out  with  a  fiberglass- 
crossply-reinforced  epoxy  skin.  The  trailing-edge  fairing  is 
continuous  aluminum  honeycomb  core  stabilized  with  a  fiberglass 
crossply  skin  extending  forward  and  bonded  into  the  C-spar. 

The  leading  edge  block  is  a  variable-density  composite  bonded 
to  the  leading  edge  of  the  spar.  The  assembly  is  then  wrapped 
with  a  45-degree  crossply  for  torsional  stability  and  a  final 
wrap  of  fiberglass  cloth  on  a  45-degree  bias.  The  cloth  will 
prevent  the  propagation  of  delaminations  due  to  foreign-object 
damage.  A  laminated  stainless  steel  trailing-edge  strip  is 
bonded  between  the  top  and  bottom  skins  for  the  full  span  of 
the  constant  airfoil  section.  A  threaded  conical- shaped 
insert  is  overlaid  with  the  unidirectional  filaments  of  the 
spar  during  lay-up,  and  filament  winding  is  applied  over  the 
spar  filaments  for  root-end  retention.  The  structural  bonding 
of  the  insert  and  a  mechanical  tie  achieved  by  hoop  tension  in 
the  filament  winding  over  the  increasing  diameter  of  the  in¬ 
sert  will  provide  the  required  retention. 

Relative  Merits  of  Each  Configuration 

The  D-spar  requires  a  stiffener  bead  on  the  bottom  to  break 
the  large  flat-plate  area  and  to  increase  the  buckle  strength. 
This  configuration  cannot  be  roll-formed;  it  requires  a  method 
such  as  pressure  forming  or  explosion  forming,  which  would 
require  a  development  program.  Rotating  flapwise  natural 
frequencies  for  both  steel  and  titanium  D-spar  blades  were 
above  the  desired  range  because  of  high  stif fness-to-mass 
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ratios.  The  less-stiff  titanium  D-spar  blade  had  a  lower 
frequency.  Both  blade  frequencies  could  be  improved  by  tuning 
mass  suspension,  but  at  a  weight  penalty. 

Titanium  forming  would  require  more  development  than  steel 
forming  because  of  its  higher  yield  strength  in  the  annealed 
condition  at  room  temperature. 

A  large  store  of  experience  backs  up  the  use  of  steel  D- spars. 
The  properties  of  steel  under  fatigue  stresses  are  well  known 
for  both  notched  and  unnotched  conditions.  On  the  other  hand, 
notching  and  surface  condition  appear  to  have  a  great  effect 
on  the  fatigue  properties  of  titanium.  Fatigue  tests  of 
processed  spar  sections  in  titanium  will  be  necessary  to 
establish  component  endurance  limits.  The  use  of  steel  for 
either  the  hexagonal  or  D-spar s  requires  a  corrosion-protection 
coating  of  zinc  plate  and  a  chromate  surface  treatment  to 
prepare  a  bondable  surface.  Titanium  is  corrosion-resistant 
and  would  not  require  treatment  for  that  purpose,  but  acid 
etching  is  required  to  prepare  bonding  surfaces. 

A  steel  hexagonal  spar  has  the  advantage  of  machined  bonding 
surfaces  with  dimensions  held  to  machining  tolerances,  which 
are  considerably  less  than  rolling  or  pressure  forming  toler¬ 
ances.  A  blade  with  a  hexagonal  spar  is  inherently  heavier 
than  a  D-spar  blade.  Its  center  of  gravity  is  farther  aft, 
and  the  initial  study  showed  low  chordwise  stiffness  and 
natural  frequency,  which  require  trailing-edge  beef-up. 
Leading-edge  wieght  increases  are  then  required  to  bring  the 
section  balance  forward. 

The  trailing  edge  strip  begins  at  the  inboard  end  of  the  con¬ 
stant  airfoil  section  and  continues  to  the  tip  of  the  blade, 
increasing  chordwise  stiffness  along  the  constant  section. 
However,  inboard  of  the  constant  section,  chordwise  stiffness 
drops  and  requires  the  use  of  a  drag  strut  between  the  trailing- 
edge  strip  and  a  frame  on  the  root  socket  for  load  carrying 
and  chordwise- frequency  tuning.  Doublers  bonded  to  the  outer 
surface  of  the  airfoil  section  are  required  to  transfer  shear 
loads  from  the  drag  strut  attachment  point  to  the  spar.  Higher 
weight  and  lower  stiffness  account  for  acceptable  flapwise 
frequencies. 

The  plastic  blade  has  the  inherent  structural  redundancy  of 
fiber- reinforced  composites,  which  decreases  the  susceptibility 
to  catastrophic  failure  due  to  mechanical  notching  or  battle 


damage.  Fiberglass  composites  also  eliminate  the  danger  of 
corrosion  damage  common  to  metallic  structures. 

Internal  damping  minimizes  the  response  to  high-frequency 
excitations,  thus  reducing  stress  and  vibration  levels. 
Simplification  of  tooling  concepts  can  mean  a  reduction  in 
tooling  costs  and  cost  per  blade.  The  low  modulus  of  elas¬ 
ticity  and  high  strength- to-weight  ratio  show  excellent 
rotating  natural  frequencies  and  low  fatigue  stress  levels. 
Blade  contour  can  be  aerodynamically  cleaner  because  the  skin 
is  laid  up  and  cured  in  full-contour  female  molds.  Other 
blade  dimensions  should  also  show  less  variation  (twist, 
camber,  trailing-edge  waviness,  chord,  and  flapwise  and 
chordwise  bow) .  High-envelope  dimensional  control  would 
decrease  the  rejection  rate,  cut  cost  and  time,  and  yield 
uniform  aerodynamic  characteristics. 

Honeycomb- core- to- skin  bonding  can  impose  fabrication  problems 
because  the  honeycomb  is  unstable  in  the  plane  perpendicular 
to  the  cell,  and  the  bonding  agent  has  a  low  viscosity  at  cure 
temperature.  However,  care  and  sequencing  of  operations  can 
minimize  these  effects.  Although  material  costs  are  higher 
for  a  plastic  blade  than  for  a  metal  blade,  the  plastic  blade 
seems  to  offer  a  higher  margin  of  safety,  less  maintenance  and 
overhaul,  and  low  supply  costs.  These  features  added  together 
could  all  prove  the  plastic  blade  cost/effective. 

The  plastic  blade  is  the  most  promising  avenue  of  design  and 
fabrication  for  the  heavy-lift  helicopter.  The  steel  D-spar 
blade  should  also  be  pursued  as  a  second  selection. 


ROTOR  HEAD  FOR  AN  ARTICULATED  ROTOR  SYSTEM 

The  choice  of  rotor  head  (see  Figures  1  and  130)  for  the 
articulated  rotor  system  reflects  a  conservative  design 
approach  which  is  especially  appropriate.  The  performance  of 
the  basic  configuration  has  been  proven,  so  improvements  sub¬ 
stantiated  by  testing  enjoy  a  high  level  of  confidence. 

Two  types  of  fully-articulated  rotor  have  been  used  by  Vertol 
Division:  the  Model  107  and  H-21  type,  and  the  CH-47A  and 

HUP  type.  The  essential  difference  between  them  is  the  loca¬ 
tion  of  the  pitch  axis  with  respect  to  the  lag  hinge  (vertical 
pin).  The  107  and  H-21  type  has  the  pitch  axis  outboard  of 
the  lag  hinge;  the  CH-47A  and  HUP  type  has  the  pitch  axis 


between  the  lag  hinge  and  flap  hinge  (horizontal  pin) .  The 
model  107  and  H-21  type  is  best  suited  to  the  heavy-lift 
helicopter  because  flapping  loads  do  not  induce  pitching 
moments  in  the  system  when  the  blades  lead  or  lag  as  they  do 
on  the  CH-47A  and  HUP  type.  This  will: 

1.  Eliminate  the  possibility  of  vibrations  induced 
from  this  source  and  permit  the  use  of  a  lighter 
and  less  rigid  control  system. 

2.  Prevent  parked-blade  loads  from  feeding  back 
through  the  control  system. 

3.  Prevent  excessive  blade  droop  in  parked  condition 
which  would  reduce  blade-to-ground  and  blade-to- 
fuselage  clearances. 

Although  a  disadvantage  in  the  107  and  H-21  type  rotor  is  in 
the  carrying  of  the  rotor  weight  mass  farther  outboard  (a 
factor  conducive  to  vibration) ,  this  effect  has  been  minimized 
by  using  a  substantially  shorter  extension  link.  The  length 
of  the  heavy-lift  helicopter  link  is  1.5  percent  of  blade 
radius,  where  the  Model  107  is  3  percent.  Also,  the  flap 
hinge  (horizontal  pin)  has  been  moved  farther  outboard  than 
on  the  Model  107:  2.32-percent  radius  for  the  heavy-lift 
helicopter  versus  1.70-percent  on  the  Model  107.  This  will 
provide  the  benefit  of  increased  control  power  in  the  roll 
sense. 

While  these  factors  are  not  particularly  significant  in  the 
lighter  aircraft,  they  have  an  important  effect  on  the 
performance  of  a  helicopter  as  large  as  the  heavy-lift  heli¬ 
copter. 

Materials 


Titanium  alloy  is  used  on  all  major  components  of  the  system: 

1.  Hub 

2.  Horizontal  pin 

3.  Extension  link 

4.  Vertical  pin 
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5.  Pitch  shaft 

6.  Pitch  housing 

7.  Tens ion- tors ion  strap 

8.  Components  of  the  hydraulic  damper 

9.  Blade  socket  and  tens ion-torsion- strap  pins 

Recent  tests  at  Vertol  Division  on  titanium  blade  sockets  for 
CH-46A  helicopters  yielded  encouraging  results.  There  was 
almost  no  fretting  on  the  shot-peened  faying  surfaces  of  the 
highly- loaded  clevis-and-lug  type  connections.  Therefore  — 
contrary  to  expectations  —  no  fretting  problems  were  encoun¬ 
tered  in  titanium. 

Magnesium  alloy  castings  are  used  for  oil  reservoir  tanks. 
Aluminum  or  magnesium  will  be  used  for  other  nonstructural 
applications.  Steel  will  be  used  for  bushings,  bearings,  and 
hardware. 

Hub  Retaining  Plate 


A  hub  retaining  plate  has  several  advantages  over  the  large 
single  nut  used  on  the  CH-47A  and  Model  107  types; 

1.  Bolts  provide  greater  reliability  than  a  single 
nut.  Failure  or  loosening  of  a  few  bolts  would 
not  cause  failure  of  the  connection. 

2.  Torque  wrenches  for  bolts  are  standard  equipment, 
while  the  large  wrench  required  for  the  nut 
would  be  bulky,  expensive,  and  not  standard 
equipment. 

Pitch-Link  Rod  End  Bearing 

The  pitch-link  rod  end  bearing  consists  of  a  needle  bearing 
outer  element  integral  with  a  spherical  dry  bearing  inner 
element.  The  assembly  is  oriented  so  that  pitch  motion 
occurs  about  the  roller  axis.  Misalignment  induced  by  flapping 
and  lead- lag  motion  occurs  about  the  spherical  ball  within 
the  self-alignment  capability  of  the  bearing.  Pitch  motion 
will  occur  about  the  rollers  rather  than  about  the  sphere 
because  the  rollers  have  a  substantially  lower  coefficient  of 
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friction  than  the  Teflon  liner.  This  arrangement  r  duces  the 
velocity,  and  therefore  the  pressure-velocity  (PV)  factor,  for 
the  dry  bearing  element  to  an  allowable  range  for  this  high- 
load  application.  The  roller  element  is  designed  for  grease- 
type  lubrication.  Lubrication  is  required  at  infrequent 
intervals:  in  the  order  of  once  every  100  to  200  hours.  The 

bearing  is  lubricated  or  purged  through  the  flush-type  lubri¬ 
cation  fitting  on  the  lower  body  of  the  rod  end. 

This  type  of  rod  end  combines  the  requirements  of  high- load 
and  high-misalignment  capability  into  one  relatively  small 
unit  (the  H-21  pitch  link  has  nine  bearings).  An  alternate 
design  for  this  requirement  might  be  a  trunnion,  but  it  would 
be  heavier  and  more  costly,  and  it  would  impose  a  greater 
maintenance  burden. 

Tension- Torsion  Strap 

The  tension- torsion  strap  is  of  the  same  redundant  design  con¬ 
figuration  used,  and  proven  to  be  reliable,  on  all  present 
Vertol  Division  helicopters.  For  the  heavy- lift  helicopter, 
however,  it  is  made  of  laminations  of  titanium  plate  rather 
than  steel  plate.  The  titanium  strap  weighs  approximately 
198  pounds  per  helicopter,  compared  to  276  pounds  per  heli¬ 
copter  for  a  structurally  equivalent  steel  strap. 

A  new  and  promising  concept  for  tension-torsion  straps  is 
being  tested  and  developed  at  the  present  time.  It  consists 
of  strands  of  wire  wrapped  longitudinally  over  end  connections, 
with  a  polyurethane  matrix  'and  a  circumferential  wire  jacket 
to  contain  the  wires  and  keep  them  properly  oriented  during 
tie  bar  operation.  The  more  efficient  load  distribution 
inherent  in  this  strap  makes  possible  lower  weight  and  longer 
life  than  the  laminated  plate  counterpart.  A  wire-wound  strap 
of  the  same  length  as  the  28- inch  laminated  titanium  strap 
shown  would  weigh  approximately  159  pounds  per  helicopter,  29 
pounds  less  than  the  titanium  strap.  Although  preliminary 
testing  of  the  wire-wound  strap  has  been  successful,  it  is 
not  the  primary  choice  because  it  does  not  have  the  performance- 
proven  experience  record  of  the  laminated  type. 

Blade  Connection 


The  blade  connection  is  similar  to  that  used  on  the  Model  107, 
but  it  is  improved  in  detail  design  features.  It  consists  of 
two  vertical  pins  installed  through  multiple  lugs  on  the  pitch 


housing  and  blade  socket.  The  multiple  lug  design  offers  the 
fail-safe  feature  of  additional  limited  service  life  in  the 
event  of  the  failure  of  the  outer  lugs  (those  at  top  and 
bottom  of  the  connection,  most  distant  from  the  pitch  axis) , 
and  it  also  serves  as  a  hinge  for  manual  blade  folding. 

When  the  blades  are  to  be  removed,  both  pins  are  withdrawn. 
When  the  blades  are  to  be  folded,  one  of  the  pins  is  withdrawn 
(either  one,  depending  on  the  direction  of  folding  required 
lor  that  blade) ,  and  the  blade  is  rotated  about  the  remaining 
pin. 

On  the  Model  107,  tapered  pins  are  used  to  eliminate  play  and 
possible  hole  elongation  from  pounding.  Experience  has  shown 
that  this  type  of  pin  is  difficult  to  remove  in  the  field,  and 
the  joint  is  subject  to  fretting  and  galling  when  blades  are 
removed  or  folded.  The  design  presented  here  is  intended  to 
correct  these  conditions.  It  employs  close-tolerance  straight 
pins  fitted  with  a  small  positive  clearan  a  to  facilitate 
removal.  The  pin  geometry  is  arranged  to  prevent  load  rever¬ 
sals  at  the  pins  and  thus  to  prevent  hole  elongation  from 
pounding.  Dry  bearings  are  installed  in  the  pitch  housing 
lugs  to  prevent  pin  fretting  during  folding.  A  pitch  lock 
pin  is  provided  for  orientation  and  lockout  of  blade  pitch 
during  this  operation. 

Bearings 

Because  of  the  significantly  lower  cost,  weight,  and  mainte¬ 
nance  associated  with  dry  bearings,  every  effort  has  been  made 
to  make  as  widespread  use  of  them  on  this  rotor  hub  assembly 
as  our  experience  and  testing  permit. 

Dry  bearings  made  of  Teflon  fabric  are  used  on  the  vertical 
pin,  blade  disconnect  fittings,  and  in  part  on  the  pitch  link. 
The  basic  limitation  for  this  type  of  bearing  is  the  pressure- 
times-velocity  (PV)  factor.  PV  may  vary  with  type  of  motion, 
load  distribution,  temperature,  mating  surface  finish,  and  fit. 
Moreover,  if  the  diameter  is  increased  to  reduce  the  area 
loading,  the  velocity  increases  adversely  (for  a  given  angular 
velocity  of  motion)  .  Dry  bearings  can  be  used  on  the  vertical 
pin  because  the  oscillating  angle  is  relatively  small  and  the 
unit  pressure  can  be  reduced  by  the  use  of  multiple  lugs, 
rather  than  by  a  diameter  increase.  Full-scale  bearings  of 
this  type  have  been  successfully  tested  for  the  CH-47A  heli¬ 
copter.  For  the  heavy-lift  helicopter,  the  Teflon  fabric 


bearings  in  the  multilug  lag  hinge  will  operate  at  a  PV  of 
•25,000.  This  bearing  is  3  inches  in  diameter,  which  is 
within  the  range  of  presently  tested  bearings  under  lag  hinge 
conditions.  Based  on  our  experience  with  life  and  environ¬ 
mental  testing  of  bearings  of  this  size  under  rotor  hinge 
conditions,  the  Teflon  fabric  lag  hinge  will  not  only  contrib¬ 
ute  to  low  initial  cost,  but  will  also  provide  maintenance- 
free  service  between  rotor  overhauls. 

The  other  two  hinges  (horizontal  and  pitch)  are  designed  for 
oil  bath  needle  bearings.  However,  the  tests  of  dry  bearings 
now  in  progress  will  continue.  The  rotor  hub  in  designed  to 
accept  dry  bearings  in  these  hinges  with  a  minimum  of  modifi¬ 
cation. 

ROTOR  CONTROLS  FOR  AN  ARTICULATED  ROTOR  SYSTEM 


The  rotor  controls  system  shown  in  Figures  1,  131,  and  132 
represents  a  partially  integrated  concept  of  transmission, 
controls,  and  rotor  hub  which  minimizes  the  space  and  weight 
requirement  of  the  system. 

The  transmission  case  has  been  extended  so  that  the  upper  rotor 
shaft  support  bearing  is  inside  the  swashplate  slider  guide. 

The  spherical  ball-slider  swashplate  gimbal  design  with  dry- 
lubricant  Teflon  fabric  bearings  is  similar  to  that  used  in 
the  CH-47A  helicopter  and  has  given  maintenance-free  service 
while  permitting  a  degree  of  compactness  not  present  in 
previous  rotor  control  systems. 

The  stationary  swashplate  ring  is  supported  by  three  control 
actuators  to  provide  collective,  longitudinal,  and  lateral 
cyclic  swashplate  motion.  An  antitorque  scissors  permits 
mounting  the  actuators  in  spherical  bearings  and  eliminates 
any  possibility  of  the  actuators'  carrying  side  loads. 

The  collective-pitch  bungee  (Figure  133)  is  most  effectively 
located  in  the  lower  control  system.  However,  the  ball-slider 
arrangement  cannot  transmit  the  bungee  loads.  Either  an 
alternate  linkage  must  be  developed  to  operate  the  base  of 
the  actuators  through  the  collective  system,  or  the  ball- 
slider  must  be  abandoned  in  favor  of  a  less  compact  and  more 
complex  gimbal  ring. 

The  swashplate  bearing  is  a  double-row  angular-contact  bearing 
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of  conventional  design.  The  oil  lubrication  system  provides 
dependable, maintenance -free  operation  as  experienced  by  the 
CH-47A.  The  design  of  this  bearing  and  related  components 
is  backed  up  by  operational  experience  and  considerable  com¬ 
ponent  testing.  Dry- lubricant  bearings  have  been  considered 
for  the  swashplate  bearing,  but  the  design  requirements  exceed 
the  capability  of  any  dry  lubricant  bearings  tested  so  far  by 
Vertol  Division. 

The  rainshield  has  been  eliminated  to  make  the  rotor  system 
more  compact.  Experience  with  the  CH-46A  indicates  that  the 
aerodynamic  drag  of  an  unfaired  swashplate  assembly  will  be 
less  than  that  of  a  completely  faired  pylon. 

With  the  exception  of  the  swashplate  bearing,  all  of  the 
upper  control  bearings  are  dry- lubricant  bearings  made  of 
Teflon  fabric.  Dry- lubricant  bearings  of  this  type  have  had 
extensive  environmental  testing,  and  they  are  operating  satis¬ 
factorily  exposed  to  the  weather  in  the  upper  pitch  links  and 
lag  dampers  of  the  CH-46A  and  CH-47A.  The  environmental 
protection  provided  by  a  rainshield  is  not  needed  for  these 
components. 

Both  the  CH-46A  and  CH-47A  helicopters  use  oil- lubricated 
bearings  in  the  rotor  hub  hinges,  which  are  constantly  exposed 
to  the  weather,  with  no  adverse  effect.  No  further  develop¬ 
ment  of  design  technology  will  be  required  to  ensure  satis¬ 
factory  performance  of  the  oil- lubricated  swashplate  assembly 
under  the  same  conditions  of  exposure.  Adequate  drainage  is 
provided  to  prevent  entrapment  of  water  which  could  cause 
icing  or  penetrate  the  seals. 

HINGELESS  ROTOR  HUB  AND  PLASTIC  BLADE 


The  hingeless  rotor  hub  is  shown  in  Figure  134.  The  plastic 
blade  designed  for  the  hingeless  rotor  is  shown  in  Figure  135. 

ELASTOMERIC  ROTOR  HUB 

A  rotor  hub  with  one  elastomeric  bearing  per  blade  to  provide 
articulation  in  flap,  lag,  and  pitch  offers  very  great  poten¬ 
tial  for  a  compact,  lightweight,  maintenance-free  rotor  hub 
(see  Figure  136) .  A  design  study  comparing  this  elastomeric 
bearing  hub  with  a  CH-46A-type  hub,  where  the  loads  are  known, 
showed  the  following  major  advantages  for  the  elastomeric 
design: 
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1.  A  60-percent  reduction  in  the  number  of  major 
components 

2.  A  25-percent  reduction  in  weight 

3.  The  resu*ltant  reductions  in  cost  due  to  the 
weight  and  parts  savings 

4.  A  17-percent  reduction  in  drag 

These  factors  suggest  a  breakthrough  in  rotor  hub  design. 

The  concept  seems  so  promising  that  elastomeric  rotor  hubs 
are  being  designed  for  growth  versions  of  the  CH-46  heli¬ 
copter.  Full-scale  hubs  will  be  built,  and  all  components 
will  be  qualified  for  flight  testing.  However,  the  elasto¬ 
meric  rotor  hub  should  be  investigated  in  more  depth  before 
it  is  chosen  as  the  primary  concept  for  the  heavy- lift  heli¬ 
copter.  When  design  of  the  growth  CH-46  hub  has  been 
completed,  a  better  comparison  can  be  made  of  the  elastomeric 
hub  and  the  conventional  articulated  hub.  At  that  point, 
accurate  projections  can  be  made  for  the  heavy-lift  helicopter 
(the  concept  is  not  size-limited) .  In  the  meantime,  the 
conventional  articulated  hub  is  used  for  weight  and  performance 
predictions,  without  relying  on  advances  in  the  state  of  the 
art. 
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Figure  126.  Powerplant  and  Drive  System. 
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Figure  127.  Metal  D-Spar  Nonsymmetr ical  Rotor  Blade 
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WEIGHTS 


The  weights  shown  in  this  section  have  been  derived  from 
weight  trends  developed  by  Vertol  Division,  statistical  data 
from  existing  aircraft,  preliminary  layouts  and  stress  data, 
and  vendors.  The  weights  of  the  various  groups  were  first 
calculated  by  these  standard  methods  reflecting  the  existing 
state  of  the  art.  The  group  weights  were  then  optimized 
by  use  of  advanced  materials  and  technologies,  representative 
of  the  1968-to-1972  sta;e  of  the  art. 

Pour  Summary  Weight  Statements  (MIL-STD-451,  Part  I)  are  shown 
for  the  following  heavy- lift  helicopter  configurations: 

1.  Tandem- lift  rotor  transport 

2.  Tandem- lift  rotor  crane/personnel  carrier 

3.  Single-lift/antitorque  rotor  transport 

4.  Single- lift/antitorque  rotor  crane/personnel  carrier 
MAIN  ROTOR  GROUP  (ARTICULATED) 

Derivation  of  Trend  Weight 

The  weight  of  the  rotor  group  was  derived  from  the  Vertol 
Division  Rotor  Group  Weight  Trend  and  the  following  param¬ 
eters: 

1.  Total  rotor  group  weight  (Wr)  in  pounds 

2.  Weight  of  rotor  group  per  rotor  (Wr)  in  pounds 

3.  Rotor  radius  (R)  in  feet 

4.  Number  of  blades  per  rotor  (b) 

5.  Blade  chord  (C)  in  feet 

6.  Horsepower  required  (HPr) 

7.  Design  limit  tip  speed  (Vt  )  in  feet  per  second 

& 
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8.  Distance  from  centerline  of  rotation  to  point  of 
blade  attachment  (r) 

9.  Nondimens ional  blade  droop  factor  (kd) 

10.  Number  of  rotors  (nr) 

11.  F(R,  b,  C,  HPr,  Vtl,  kd)  -  K 

12.  W  =  AK* j  WR  =  Wr  x  nr 

After  the  rotor  weight  was  determined  by  this  trend,  weight 
optimization  criteria  were  applied  to  reflect  the  rotor 
weight  representing  the  1968-to-1972  state  of  the  art.  Blade 
weight  was  reduced  5  percent  by  using  advanced  structural 
materials  and  techniques.  Hub  weight  was  reduced  9.2  percent 
for  the  reduction  of  centrifugal-force  loads  imposed  on  the 
hub  by  the  lighter  blades,  and  for  the  use  of  titanium  and 
higher  strength  steel  alloys.  The  total  weight  saving 
realized  when  these  criteria  were  used  was  approximately  11.5 
percent  of  the  rotor  group  weight.  By  comparison,  present 
production  aircraft  using  titanium  with  existing  technologies 
realize  a  6-percent  reduction  in  rotor  group  weight. 

Derivation  of  Design  Weight 

The  rotor  group  design  weight  is  based  on  calculated  layout 
weights  for  the  hub,  hinge,  and  blade- retention  components. 

It  has  been  used  to  corroborate  the  trend  weight  from  the 
"CONFIGURATION  PARAMETRIC  ANALYSIS”  and,  subsequently,  to 
replace  the  rotor  trend  weights  in  the  summary  weights. 

The  blade  weight  for  the  preliminary  design  study  is  obtained 
from  the  weight  distribution  curve  (Figure  64) .  This  curve 
is  an  output  from  the  STATIC  AND  DYNAMIC  STRUCTURAL  ANALYSIS. 

Design  Weight  of  Tandem-Lift  Rotor  System 

The  detail  design  studies  reveal  high  coning  angles  when  the 
rotor  trend  weight  is  used.  Since  the  coning  angle  requires 
further  study,  for  the  present,  the  coning-angle  limit  has 
been  set  at  6.6  degrees.  This  is  based  on  satisfactory 
experience  with  such  coning  angles  on  Vertol  Division  heli¬ 
copters.  The  6.6-degree  limit  increases  blade  weight  by  150 
pounds  per  blade.  With  steel  components,  the  resultant 
centrifugal  force  loads  cause  an  increase  of  approximately 
326  pounds  per  rotor  in  the  hub,  hinge,  and  blade-retention 


system.  The  weight  saving  realized  by  substituting  titanium 
for  steel,  where  feasible,  is  543  pounds  per  rotor  over  the 
steel  component  weight,  as  shown  below. 

Weight  Increase  (M  of  Design  Weight  Above  Trend  Weight  for 
Tandem- Li ft  Rotor  System 

1.  a  Blade  weight  (steel  root-end  fitting) 

=  +150  pounds  x  3  =  +450  pounds  per  rotor 

A  Weight  of  hub,  hinge,  blade  retention  (steel 
components)  =  +326  pounds 

Total  A  weight  for  steel  =  +776  pounds  per  rotor 

2.  a  Blade  weight  (titanium  root-end  fitting) 

=  +140  pounds  x  3  =  +420  pounds  per  rotor 

A  Weight  of  hub,  hinge,  blade  retention  (titanium 
components)  =  -187  pounds 

Total  A  weight  for  titanium  components 
*  +233  pounds  per  rotor 


With  steel  components,  design  weight  exceeds  trend  weight  by 
1552  pounds  per  aircraft.  Although  the  use  of  titanium  does 
not  completely  offset  the  weight  increase,  when  the  steel  is 
replaced  with  titanium  at  80  percent  of  its  allowable  stress, 
the  design  weight  is  only  466  pounds  per  aircraft  greater  than 
trend  weight. 

Design  Weight  of  Single-Lift/Antitorgue  Rotor  System 

An  investigation  using  the  trend  weight  reveals  coning  angles 
which  exceed  those  of  the  tandem-lift  rotor  blades  by  two  to 
three  degrees. 

With  the  same  coning  angle  limit  criteria  as  for  the  tandem- 
lift  rotor  helicopters,  the  weight  of  the  lift- rotor  blade 
weight  increases  by  379  pounds  per  blade.  The  increased 
centrifugal- force  load  causes  the  weight  of  the  hub,  hinge,  and 
blade-retention  system  to  increase  by  approximately  1582  pounds. 

With  steel  components,  the  total  effect  of  the  coning  angle 
criteria  is  an  increase  of  3477  pounds  in  the  rotor  group 
weight.  Substituting  titanium  for  steel,  where  feasible, 
results  in  a  reduction  of  1424  pounds.  The  overall  effect  of 
the  coning-angle  criteria  and  titanium  substitution  is  an 
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increase  in  the  weight  of  the  lift-rotor  group  of  2053  pounds 
over  the  trend  weight. 

Weight  Increase  (A)  of  Design  Weight  above  Trend  Weight  for 
Single- Li ft/Anti torque  Rotor  System 

1.  A  Blade  weight  (steel  root-end  fitting) 

*  +379  pounds  x  5  =  +1895  pounds  per  rotor 

A  Weight  of  hub,  hinge,  blade  retention  (steel 
components)  =  +1582  pounds 

Total  A  weight  for  steel  components  =  +3477  pounds 
per  rotor 

i.  A  Blade  weight  (titanium  root  end  fitting) 

=  +350  x  5  =  +1750  pounds  per  rotor 

A  Weight  of  hub,  hinge,  blade  retention 
(titanium  components)  =  +303  pounds 

Total  A  weight  for  titanium  components  = 

+2053  pounds  per  rotor 

The  increase  of  3477  pounds  in  the  single- lift/antitorque 
rotor  configuration  seems  to  be  out  of  proportion  when  com¬ 
pared  (steel  versus  steel  component)  to  the  776-pound 
increase  in  the  tandem-lift  rotor  configuration.  It  should 
be  noted,  however,  that  the  design  gross  weights  and  rotor 
speeds  (rpm)  differ  between  the  two  configurations: 

1.  Rotor  radius:  43  feet  for  tandem,  48  feet  for 
single 

2.  Design  gross  weight:  87,000  pounds  for  tandem, 
91,600  pounds  for  single 

3.  Rotor  speed:  155.5  rpm  for  tandem,  139  rpm  for 
single 

Restricting  the  maximum  coning  angle  to  6.6  degrees,  the 
blade  weight  required  to  produce  this  limit  can  be  determined 
by  the  following: 

0 . 75R ^GW/nr  x  b^  -  M 
if  n2 


8 


(radians) 


(6) 


* 


% 


V 


where 

6  is  coning  angle  in  radians 

R  is  blade  radius  in  feet 

GW  is  design  gross  weight  in  pounds 

nr  is  number  of  rotors 

b  is  number  of  blades  per  rotor 

M  is  static  moment  in  foot-pounds  or  Wf  x  R 

Wf  is  blade  flapping  weight  in  pounds 

R  is  radial  blade  center  of  gravity  from  centerline  of 
flapping  hinge  in  feet 

If  is  blade  flapping  inertia  in  foot-pound-seconds  squared, 
or  k(Wf/g)L2 

k  is  blade  flapping  inertia  proportionality  factor 
L  is  length  of  flapping  portion  of  blade  in  feet,  or  R-d 
d  is  flapping  hinge  offset  in  feet 
fl  is  rotor  speed  in  radians  per  second 


Substituting  the  known  parameters  for  both  the  tandem-lift  and 
single- lift/antitorque  rotor  configurations  into  the  above 
equation  results  in  the  followings 

1.  For  the  tandem-lift  rotor  system 
0  =6.6  degrees  =  0.1152  radian 

=  0.795  |0. 75  (43) (87,000/2x3)-  Wf  R  | 

}0.19  (Wf/g)L2  x  [0.105(156  rpm)]  2j 

2.  For  the  single-lift/antitorque  rotor  system 
3  =6.6  degrees  =  0.1152  radian 

=  0.795  (0.75  (48)  (91,600/1x5)  -  Wf  R 

|0. 19  (Wf/g)L2  x  [0.105  (139  rpm)]2 

Comparing  both  expressions,  it  can  be  seen  that  the  expression 
for  the  single-lift/antito  *que  rotor  system  will  always 
result  in  a  higher  blade  weight.  Substituting  the  design 
gross  weight  and  rotor  rpm  of  the  tandem-lift  rotor  system 
into  the  coning-angle  expression  for  the  single- lift/anti torque 
rotor  system  would  result  in  a  weight  of  973  pounds  per  blade. 
This  represents  an  increase  of  100  pounds  per  blade  over  the 
trend  weight  used  in  the  ROTOR  SYSTEM  PARAMETRIC  ANALYSIS 
for  the  single- lift/antitorque  rotor  system.  The  net 
effect  of  this  parameter  substitution  would  be  an  increase 
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of  878  pounds  over  the  lift-rotor  group  weight  shown  in  the 
ROTOR  SYSTEM  PARAMETRIC  ANALYSIS.  This  weight  increase, 
compared  with  the  776-pound  increase  for  the  tandem- lift  rotor 
system,  seems  reasonable. 

Returning  to  the  original  increase  of  3477  pounds  for  the 
single-lift/antitorque  rotor  system,  the  following 
reasoning  explains  the  discrepancy  between  the  two  rotor 
group  weight  increases: 

1.  Basic  A  weight  due  to  coning  angle  +2911  pounds 

f 

A  Weight  based  on  substitution  of 

tandem's  gross  weight  and  rotor 

rpm  in  single's  expression  is  +878  pounds 

A  Weight  required  for  proper 
centrifugal  force  level  to  attain  the 
coning-angle  limit,  due  to  lower  rpm 
of  the  single-lift/antitorque  rotor 
system  is  +2033  pounds 

2.  A  Weight  penalty  due  to  higher  gross 

weight  is  +  566  pounds 


3.  Net  A  weight  is  +3477  pounds 

Pending  the  results  of  additional  coning-angle  studies,  the 
coning  angle  limit  has  been  set  at  6.6  degrees.  If  the 
results  of  these  studies  indicate  that  the  precise  coning 
angle  requirement  can  be  greater  than  6.6  degrees,  the  weights 
of  rotor  group  components  will  be  reduced. 

TAIL  GROUP  (SINGLE-  LI  FT/ANT  I  TORQUE  ROTOR  HELICOPTERS)  « 

The  weight  of  the  tail  group  consists  of  the  tail  rotor 
weight  and  the  weight  of  the  horizontal  stabilizer.  The  tail 
rotor  weight  is  derived  using  the  Vertol  Division  rotor  group 
trend  with  a  modified  multiplying  constant,  and  with  the  non- 
dimensional  blade  droop  factor  eliminated.  The  weight  of  the 
horizontal  stabilizer  is  a  function  of  the  stabilizer  area 
and  a  standard  unit  stabilizer  weight  in  pounds  per  square 
foot . 
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BODY  GROUP 


The  weight  of  the  body  group  has  been  derived  using  the  Vertol 
Division  body  group  trend.  The  transport's  weight  was  obtained 
by  use  of  the  body  group  trend  for  transport -type  helicopters. 
The  crane/personnel  carrier's  weight  was  derived  from  the  basic 
structure  weight  trend  plus  the  built-up  weight  of  secondary 
structure,  and  by  the  addition  of  specific  weight  penalties 
for  special  design  features. 

The  following  parameters  were  used  in  deriving  the  body  group 


trends: 

1. 

Weight  of  body  group  (WBG)  in  pounds  =  AK* 

2. 

Weight  of  basic  structure  (WBg)  in 

pounds  =  BKX 

3. 

Design  gross  weight  (Wg)  in  pounds 

4. 

Ultimate  load  factor  (n) 

5. 

Wetted  area  (including  pylons)  (Sf) 

. in  square  feet 

6. 

Cabin  length  (from  nose  to  aft  end 
(lc)  in  feet 

of  cabin  floor) 

7. 

Ramp  well  length  (1^)  in  feet 

8. 

Allowable  eg  travel  (CG)  in  feet 

9. 

Maximum  forward  flight  speed  (Vmax) 

in  knots 

10. 

Body  group  weight  factor  (K) 

=  f (Wg ,  n,  Sf,  lc ,  l^w,  ACG,  Vmax) 

11.  Total  lody  group  weight  constant  (A) 

12.  Basic  structure  weight  constant  (B) 

13.  Exponential  power  factor  for  K  (x) 

After  determining  the  body  group  weight,  the  structural  weight 
was  reduced  by  5  percent  to  reflect  the  use  of  advanced  tech¬ 
nologies  available  in  the  1968-to-1972  time  span.  This  re¬ 
sulted  in  a  total  reduction  of  approximately  4  percent  of  the 
body  group  weight. 


ALIGHTING  GEAR  GROUP 


The  weight  of  the  alighting  gear  group  was  derived  by  use  of  a 
standard  percentage  of  design  gross  weight  for  structure,  a 
fixed  constant  for  controls,  and  the  latest  vendor  weights 
for  the  high- flotation  (low  UCI,  CBR  =  1.5)  rolling  components. 

FLIGHT  CONTROLS  GROUP 


The  weight  of  the  flight  controls  group  was  derived  from  the 
current  Vertol  Division  weight  trend  for  the  flight  controls 
subsystems,  plus  a  fixed  constant  weight  for  the  dual  sta¬ 
bility  augmentation  system  (SAS)  and  hover  controls  for  the 
loadmaster's  flight  station. 

1.  Total  flight  controls  weight  (Wpc)  in  pounds 

=  wcc  +  wuc  +  Wsc  +  WSAS  +  WLC 
=  f  (Wg)  +  g  (Wr)  +  h  (Wr)  +80+55 

=  f  (Wg)  +  g  (Wr)  +  h  (Wr)  +  135 

2.  Weight  of  cockpit  controls  (Wcc)  in  pounds 
*  f  (Wg) 

3.  Weight  of  upper  controls  (Wuc)  in  pounds 

=  g  (Wr) 

4.  Weight  of  system  controls  (including  hydraulic 
boost  system)  (Wsc)  in  pounds 

=  h  (Wr) 

5.  Weight  of  stability  augmentation  system  (WgAS) 

=80  pounds 

6.  Weight  of  loadmaster's  hover  controls  (W^) 

=  55  pounds 

7.  Design  gross  weight  (Wg)  in  pounds 

8.  Rotor  group  weight  factor  (Wr) 

ENGINE  SECTION  OR  NACELLE  GROUP 


The  weight  of  the  engine  section  is  a  function  of  engine 
weight  and  size.  The  weight  of  the  engine  mounts  is  a 
function  of  engine  weight,  crash  load  factor,  and  number  of 
engines  per  aircraft. 
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PROPULSION  GROUP 


Engine 

Engine  weights  are  taken  from  the  current  engine  specifica¬ 
tion  for  the  engines  specified  for  each  configuration. 

Engine  Installation  and  Fuel  System,  Excluding  Tanks 

Standard  installation  weights,  similar  to  the  T55-L-7  instal¬ 
lation  in  the  CH-47A,  were  used  for  air  induction  and  exhaust, 
cooling,  lubrication,  engine  controls,  and  starting  systems. 

In  addition,  the  fuel  system  weight,  excluding  the  fuel  tanks, 
is  similar  to  the  CH-47A  installation. 

Fuel  Tanks 


Fuel  tanks  are  derived  using  a  standard  value  in  pounds  per 
gallon  for  50-percent  self-sealing  cells,  protected  against 
.30-caliber  (7.62mm)  projectiles. 

Drive  System  Trend  Weights 

The  ROTOR  SYSTEM  PARAMETRIC  ANALYSIS  used  the  drive  system 
weight  trends  modified  to  reflect  the  results  of  the  "Heavy- 
Lift  Transmission  Study"  (Reference  27),  done  under  Contract 
DA  44-177-AMC-241 (T)  . 

Drive  System  Design  Weight 

The  drive  system  design  weight  was  derived  from  the  Vertol- 
developed  building-block  method  which  analyzes  each  section 
or  stage  of  the  drive  system.  (It  is  more  accurate  than  the 
overall  drive  system  trend.)  The  multiplying  constant  for 
the  overall  trend  was  then  adjusted  to  obtain  the  results  of 
the  building-block  analysis.  The  following  is  the  overall 
trend  expression  for  the  drive  system: 


1. 

Total  drive  system  weight  (Wds) 
Standard  Trend  Wpg  =  AK^ 

in  pounds 

Advanced  Trend  W^g  =  BK^ 

2. 

Transmission  design  horsepower 

(HPx) 

3. 

Rotor  hover  rpm  (Nr) 
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4.  Drive  system  weight  factor  (K) 

-  f  (HPx,  Nr) 

y  ■  Exponential  power  factor  for  K 

5.  Multiplying  constant  for  standard  trend  (A) 

6.  Multiplying  constant  for  advanced- technology 
trend  (B) 


DERIVATION  OF  WEIGHTS  FOR  FIXED  EQUIPMENT 

The  following  group  weights  have  been  determined  from  statis¬ 
tical  aralysis  of  existing  aircraft  and  from  preliminary 
requirements  specified  in  the  original  QMDO  issued  by  the  Army. 
These  group  weights  will  vary  depending  on  the  configuration, 
but  the  variation  will  be  small  when  comparing  similar  types 
of  aircraft,  such  as  two  transports:  a  single- lift/antitorque 
rotor  transport  versus  a  tandem-lift  rotor  transport. 


AUXILIARY  POWER PLANT 

Estimated  weight  for  a  125-horsepower  system  is  130  pounds. 
INSTRUMENT  GROUP 

W  =  180  +  17  Np, 

where 

Ne  is  number  of  engines 
HYDRAULIC  AND  PNEUMATIC  GROUP 


(9) 


Estimated  weight  is  300  pounds. 
ELECTRICAL  GROUP 


Estimated  weight  is  995  pounds. 
ELECTRONICS  GROUP 


Communications  Systems 

1.  UHF  radio  15  pounds 

2.  VHF/FM  radio  with  homer  35  pounds 

3.  FM  auxiliary  radio  6  pounds 

4.  Crew  intercom  25  pounds 


5.  Loudspeaker  system 

6.  Total 

Navigation  Systems 

1.  ADF-LF/MF 

2 .  VOR/DME/LOC 

3 .  Marker  beacon 

4.  Total 

Identification  (IFF) 

Total 

Common  Avionics  Installation 
Shelves,  Racks,  etc. 


58  pounds 
139  pounds 

27  pounds 
50  pounds 
9  pounds 
86  pounds 

35  pounds 

20  pounds 


Total  Electronics  Group 


280  pounds 


FURNISHING  AND  EQUIPMENT  GROUP 
Personnel  Accommodations 


Personnel  accommodations  include  crew  seat  installations, 
relief  tubes,  and  provisions  for  troop  seats  and  litters. 

WPA  =  130  +  2.4  NT  +  0.5  Nl 

where 

130  is  constant  weight  of  crew  accommodations 
2.4  Nt  is  provisions  for  troop  seats 
Nt  is  number  of  troops 
0.5  NL  is  provisions  for  litters 
Nl  is  number  of  litters 


(10) 
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Miscellaneous  Equipment 


Miscellaneous  equipment  includes  data  cases ,  windshield  wipers, 
checklists,  rearview  mirrors,  instrument  boards,  and  con¬ 
soles.  In  the  transport  configuration,  the  weight  of  cargo 
tiedown  fittings  is  added  as  a  function  of  cargo  floor  area. 

Transport 


WME  =  60  +  f (Lx  x  Wx)  (11) 

where 

is  length  of  cargo  floor  in  feet 
is  weight  of  cargo  floor  in  feet 
Crane/Personnel  Carrier 
WME  constant  =  60  pounds 
Furnishings 

The  weight  of  soundproofing  and  insulation  in  the  cockpit  area 
is  shown  for  this  subsystem. 

Wp  is  constant  =  60  pounds 

Emergency  Equipment 

This  subgroup  includes  the  weight  of  portable  fire  extinguish¬ 
ers,  first  aid  kits,  and  the  weight  of  engine  fire  detectors 
and  extinguisher  systems  as  a  function  of  the  number  of  engines. 

WEE  =42+14  Ne  (12) 


where 

Ne  is  number  of  engines 
Air  Conditioning  and  Anti- icing  Group 

This  group  includes  the  weights  for  the  cockpit  heating  and 
ventilation  system  (heat  exchange  type) ,  windshield  deicing, 
and  engine  air  inlet  deicing.  The  cabin  heating  and  ventila¬ 
tion  system  and  the  rotor  blade  deicing  system  are  optional 
kit  items  and  are  not  included  in  this  group  weight. 


(13) 


t 


WA/C  =80+12  Ne 

where 

80  is  weight  of  cockpit  heating  and  ventilation  system 
(70  pounds,  plus  weight  of  windshield  deicing  system, 
10  pounds) 


Nj.  is  number  of  engines 
Auxiliary  Gear  Group 

The  weight  shown  for  this  group  represents  32  pounds  of  air¬ 
craft  handling  gear  (tiedown,  jacking,  towing,  hoisting,  etc.) 
and  2518  pounds  of  load  handling  gear.  This  2518  pounds  is 
comprised  of  the  following  components: 

Cargo  Hooks 

1.  20“ton  capacity  (1  required) 

2.  15-ton  capacity  (4  required  at 
75  pounds  each) 

Cargo  Winch  and  Cable 

1.  20- ton  capacity  (1  required)  457  pounds 

2.  15- ton  capacity  (4  required  at 

344  pounds  each)  1376  pounds 

Eguipment  Supports  235  pounds 

FIXED  USEFUL  LOAD 


150  pounds 

300  pounds 


I 


Fixed  useful  load  consists  of  four  crew  members  (pilot,  copilot, 
crew  chief,  and  ldadmaster) ,  trapped  liquids,  and  engine  oil. 

WFUL  =  4  x  200  +  20  +  15  Ng  (14) 

where 

Ne  is  number  of  engines 

WFUL  “  820  +  15  NE  (15) 
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COMPARISON  STUDY 


Weights  of  the  articulated  and  the  hingeless  semirigid  rotor 
systems  have  been  compared.  The  6.6-degree  coning  angle  is 
held  constant  regardless  of  rotor  system  configuration. 

Articulated  Rotor  System 


The  weight  analysis  for  the  articulated  system  has  been 
described  previously. 

Hinqeless  Semirigid  Rotor  System 

The  weight  for  the  tandem  hingeless  semirigid  rotor  system  is 
based  on  the  trend  curve  relationships  of  the  Vertol  Division 
rotor  trend.  A  trend  line  drawn  through  the  lightest  semirigid 
rotor  points,  and  parallel  to  the  articulated  rotor  trend, 
shows  that,  for  equal  size  and  power,  the  semirigid  and  rigid 
rotor  systems  are  at  least  1.25  times  heavier  than  Vertol 
Division  articulated  rotors.  The  weight  of  semirigid  and  rigid 
rotor  blades  ranges  from  50  to  65  percent  of  the  weight  of  the 
rotor.  When  55  percent  was  used  as  a  realistic  estimate  for 
blade  weight,  and  the  hub,  hinge,  and  retention  were  reduced  by 
25  percent  for  weight  reductions  assumed  to  occur  on  this  design, 
the  weights  given  in  Table  XXIII  were  derived. 

It  should  be  noted  that  the  factor  of  1.25  was  applied  to  the 
basic  articulated  rotor  before  the  addition  of  blade  weight, 
which,  as  previously  discussed,  was  necessary  to  reduce  coning 
to  the  6.6  degrees  considered  to  be  desirable.  Thus,  the  weight 
for  the  hingeless  semirigid  rotor  system  is  realistic,  even 
though  it  is  less  than  90  percent  of  the  weight  of  all  other 
semirigid  and  rigid  rotors  for  which  we  have  data.  Since  the 
blades  of  the  hingeless  rotor  are  heavier  than  those  of  the 
articulated  rotor,  the  coning  angle  should  be  less  than  6.6 
degrees. 

Although  the  hingeless  semirigid  rotor  can  be  applied  to  the 
tandem-lift  rotor  system,  it  produces  high  pure  hub-fuselage 
twisting  moments  when  yaw  control  is  applied,  which  are 
detrimental  to  the  configuration.  These  hub  overturning 
moments  are  on  the  order  of  five  times  the  moment  present  in 
the  articulated  system  (see  Figures  115  and  118) .  This 
increased  moment  results  in  weight  increases  in  the  body  group 
and  drive  system.  Table  XXIV  lists  these  required  weight 
increases.  The  overall  effect  of  replacing  an  articulated 
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rotor  with  a  hingeless  semirigid  rotor  in  a  tandem-lift  rotor 
system  is  a  net  weight-empty  penalty  of  6614  pounds.  This 
weight  penalty  represents  approximately  6  percent  of  the 
design  gross  weight,  and  is  inherent  in  a  tandem- lift  rotor 
helicopter  because  of  the  closed  structural  circuit  require¬ 
ments  for  this  type  aircraft. 

TABLE  XXIII 

WEIGHT  COMPARISON  OP  THE  HINGELESS  MATCHED- STIFFNESS 
t  “  ROTOR  SYSTEM  AND  THE  ARTICULATED  ROTOR  SYSTEM 


Articulated  Hinqeleaa 


Component 

Steel 

(lb) 

Titanium 

(lb) 

Steel 

(lb) 

Titanium 

(lb) 

Three  rotor  blades 

2396 

2364 

3355 

3315 

Hub,  hinge,  and  retention 

2041 

1529 

1705 

1280 

Each  rotor 

4437 

3893 

5060 

4595 

Two  rotors 

8874 

7786 

10120 

9190 

Increase  (a)  per  aircraft 

+1246 

+1404 

TABLE  XXIV 

WEIGHT  INCREASES  (A)  IN  BODY  GROUP  AND  DRIVE  SYSTEM 
REQUIRED  BY  INCREASED  OVERTURNING  MOMENT  IN  HINGELESS  HUB 


Group  Articulated  Hingeless  Increase  (A) 


Rotor  Group 


Refer  to  Table  XXIII 

7786 

9190 

+ 

+1404 

Bodv  Group 

Estimated  weight  penalty 
in  forward  frames  due  to 
rotor  and  transmission 
loads 

205 

460 

+  255 

• 

Aft  pylon  primary 
structure 

510 

1145 

+  635 

A  Torsional  material 
between  rotors 

900 

+  900 

Total 

715 

2505 

+1790 

+1790 

A 

Drive  Group 

Rotor  shafts  and  bearings 

1605 

3875 

+2270 

Main-transmission  housings  1080 

1380 

+  300 

Transmission  supports 

425 

1275 

+  850 

Total 

3110 

6530 

+3420 

+3420 

Total  Rotor.  Bodv,  and  Drive  Groups 

+6614 
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RELIABILITY 


The  term  reliability  can  be  resolved  into  three  categories: 
system  reliability,  mission  reliability,  and  flight-safety 
reliability. 

SYSTEM  RELIABILITY 


System  reliability  is  the  probability  of  performing  a  defined 
mission  of  specified  duration  without  incurring  a  primary  mal¬ 
function  requiring  unscheduled  maintenance  before  the  next 
periodic  inspection.  • 

A  primary  malfunction  is  one  occurring  during  the  useful  life 
of  the  component  that  is  not  caused  by  faulty  maintenance, 
handling,  or  operator  techniques,  or  by  failure  of  related 
parts. 

The  system  reliability  requirement  for  the  heavy-lift  heli¬ 
copter,  including  avionics,  navigation  equipment,  and  GFE,  is 
expected  to  be  65  percent  for  the  heavy- lift  mission. 

MISSION  RELIABILITY 

Mission  reliability  is  the  probability  of  performing  a  defined 
mission  of  specified  duration  without  incurring  a  mission- 
affecting  primary  malfunction. 

A  mission-affecting  primary  malfunction  is  defined  as  any 
primary  malfunction  which  would  cause  the  aircraft  to  abort 
the  mission. 

The  mission  reliability  requirement  for  the  heavy-lift  heli¬ 
copter  is  expected  to  be  95  percent  for  the  heavy- lift  mission. 

FLIGHT- SAFETY  RELIABILITY 

Flight-safety  reliability  is  the  probability  of  performing  a  * 

defined  mission  of  specified  duration  without  incurring  a 
primary  malfunction  that  results  in  loss  or  severe  damage  to 
the  aircraft. 

The  flight-safety  reliability  requirement  for  the  heavy- lift 
helicopter  is  expected  to  be  99.992  percent  for  the  heavy- 
lift  mission. 
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Aircraft  flight-safety  characteristics  are  generally  not 
subject  to  tradeoff  because  of  the  value  placed  on  human 
life.  In  the  conceptual  design  phase  it  is  therefore 
important  to  identify  and  select  aircraft  configurations  that 
provide  the  maximum  inherent  flight  safety.  In  order  to 
establish  a  configuration  for  the  heavy- lift  helicopter, 

Vertol  Division  conducted  an  evaluation  of  typical  single- 
lift/antitorque  rotor  and  tandem- lift  rotor  helicopters. 

One  of  the  objectives  of  the  evaluation  was  to  determine  the 
safety-of-f light  characteristics  of  the  two  configurations. 
This  evaluation  was  performed  by  comparing  the  number  of 
dynamic  system  components  which  can  degrade  flight  safety, 
and  by  comparing  helicopter  catastrophic  failure  rates  demon¬ 
strated  by  dynamic  system  components. 

Safetv-of- Flight  Components 

Safety-of-f light  components  are  those  components  whose 
failure  can  cause  a  catastrophe.  A  catastrophe  is  any  event 
which  results  in  serious  injury  or  death  to  an  occupant  of 
the  aircraft,  major  damage  to  the  aircraft,  or  loss  of  the 
aircraft.  The  number  of  safety-of-f light  components  in  the 
indicated  subsystems  for  typical  helicopters  now  in  production 
is  as  follows: 


Single- Lift 
Antitorque 
(S-61) 

Tandem- Li  ft 
(CH-47A) 

Rotor 

Blade 

25 

18 

Rotor 

Head  and  Controls 

130 

80 

Drive 

30 

67 

Total 

185 

165 

Catastrophes  per  1000  Flight  Hours 

Another  measure  of  helicopter  safety  is  the  frequency  with 
which  safety-of-f light  components  have  failed,  resulting  in 
catastrophes.  This  is  a  better  indication  of  helicopter 
safety  than  the  critic*l-parts-count,  since  it  is  based  on 
experience. 

Recorded  data  from  U.S.  military  helicopter  catastrophes 
during  the  3-year  period  from  1959  through  1961  was  reviewed 
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for  safety-of- flight  experience  demonstrated  by  dynamic 
systems  of  helicopters  during  typical  utilization.  The 
catastrophic  failure  rate  per  1000  flight  hours  experienced 
by  single- lift/antitorque  rotor  helicopters  (0.0309)  was 
48  percent  higher  than  that  of  tandem- lift  rotor  helicopters 
(0.0209).  Although  the  reliability  figures  favor  a  tandem- 
lift  rotor  helicopter,  the  difference  is  not  great.  It  can 
therefore  be  concluded  that  with  reliability  as  a  goal  (and 
every  helicopter  manufacturer  adopts  the  building  of  a 
reliable  aircraft  as  his  goal),  neither  tandem- lift  nor  single 
lift/antitorque  rotor  designs  can  claim  a  decisive  advantage. 


* 


* 
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US  Army  Test  and  Evaluation  Command  1 

Plastics  Technical  Evaluation  Center  1 

US  Army  Medical  R&D  Command  \ 

US  Army  Engineer  Waterways  Experiment  Station  1 

US  Army  Combat  Developments  Command,  Fort  Belvoir  2 

US  Army  Combat  Developments  Command  Experimentation  Command  3 
US  Army  War  College  1 

US  Army  Command  and  General  Staff  College  1 

US  Army  Aviation  School  1 

US  Army  Tank-Automotive  Center  2 

US  Army  Armor  and  Engineer  Board  1 

US  Army  Electronics  Command  2 

US  Army  Aviation  Test  Activity,  Edwards  AFB  2 

Air  Force  Flight  Test  Center,  Edwards  AFB  2 

US  Army  Field  Office,  Andrews  AFB  1 

Systems  Engineering  Groups,  W right-Patterson  AFB  3 

Air  Force  Flight  Dynamics  Laboratory,  Wright-Patter son  AFB  1 

Air  Force  Aero  Propulsion  Laboratory,  Wright-Patterson  AFB  1 

Air  Proving  Ground  Center,  Eglin  AFB  1 

Naval  Ship  Engineering  Center  1 

Naval  Air  Systems  Command  17 

Chief  of  Naval  Research  5 

US  Naval  Research  Laboratory  1 

Commandant  of  the  Marine  Corps  1 

Marine  Corps  Liaison  Officer,  US  Army  Transporta  ion  School  1 

Ames  Research  Center,  NASA  1 

Lewis  Research  Center,  NASA  1 

Manned  Spacecraft  Center,  NASA  1 

NASA  Scientific  and  Technical  Information  Facility  2 

NAFEC  Library  (FAA)  2 

National  Tillage  Machinery  Laboratory  1 

US  Army  Aviation  Human  Research  Unit  2 

US  Army  Board  for  Aviation  Accident  Research  1 

Bureau  of  Safety,  Civil  Aeronautics  Board  2 


* 
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US  Naval  Aviation  Safety  Center,  Norfolk 
Federal  Aviation  Agency,  Washington,  D.  C. 
Civil  Aeromedical  Research  Institute,  FAA 
Defense  Documentation  Center 


APPENDIX:  WEIGHT  ESTIMATION  METHODS 


This  appendix  summarizes  the  weight  estimation  methods  which 
were  used  to  establish  the  weights  for  the  heavy-lift  heli¬ 
copter.  The  methods  used  to  establish  the  weight  estimates 
for  the  heavy-lift  helicopter  are  based  on  standard  procedures 
and  weight  trends  developed  by  Vertol  Division's  Weights  Group. 

The  estimation  methods  include  the  use  of  trend  curves,  weights 
based  on  results  of  preliminary  stress  analysis,  vendor  sources, 
and  piteliminary  equipment  requirements  specified  in  the  orig¬ 
inal  QMDO  issued  by  the  Army.  4 

The  trend  curves  and  the  required  fixed  weights  were  pro¬ 
grammed  as  part  of  the  Mission  Analysis  Program  (A-88) . 

Reiteration  of  the  program  for  convergence  on  design  gross 
weight  and  mission  performance  produced  optimized  design 
parameters. 

Using  these  design  parameters,  a  complete  manual  analysis  was 
performed  to  derive  the  group  weights  for  the  MIL-STD-451 
format,  (the  Mission  Analysis  Program  does  not  have  this  for¬ 
mat)  and  to  provide  a  final  check  of  the  program's  weight 
section. 

The  weight  data  generated  for  the  preliminary  design  study  was 
done  manually;  it  was  based  on  the  finalized  results  from  the 
rotor  system  parametric  analysis.  With  the  exception  of  the 
rotor  group,  all  trends  used  in  the  preliminary  design  study 
are  the  same  as  those  used  for  the  rotor  system  parametric 
analysis. 

ROTOR  GROUP— DISCUSSION 

The  Rotor  Group  Trend  was  used  to  establish  the  weight  for  the  ** 

rotor  system  parametric  analysis.  This  trend  predicts  the 
rotor  group  weight  per  rotor  based  on  existing  technology. 

The  parameters  used  in  deriving  the  trend  K- factor  reflect  the  * 

effect  on  rotor  weight  of  blade  area,  power  required,  design- 
limit  tip  speed,  point  of  blade  attachment,  and  static  droop 
criteria.  The  Rotor  Group  Trend  (Figure  137)  is  a  plot  of 
rotor  group  weight  per  rotor  versus  the  trend  K- factor. 

Historically,  the  Rotor  Group  Trend  has  always  predicted  the 
rotor  group  weight  to  a  high  degree  of  accuracy  for  standard- 
size  helicopters. 
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The  rotor  sizes^and  gross  weights  associated  with  the  heavy- 
lift  helicopter  have  an  adverse  effect  on  blade  coning  angle. 
This  can  be  seen  from  the  following  equation: 


\  (5^-5)  -"i 

(  **  '  s 


(16) 


where 

@  is  blade  coning  angle  in  radians 

R  is  rotor  radius  in  feet 

GW  is  design  gross  weight  in  pounds 

nr  is  number  of  rotors 

b  is  number  of  blades  per  rotor 

M  is  blade  static  moment  in  foot-pounds,  or  Wf  E 

Wf  is  blade  flapping  weight  in  pounds 

IT  is  distance  from  centerline  of  flapping  hinge  to  blade 
center  of  gravity  in  feet 

If  is  blade  flapping  inertia  in  foot- pound-seconds2,  or 

>  fr)  » 

L  is  R-d 

d  is  flapping-hinge  offset 

k  is  blade  flapping  inertia  proportionality  factor 
fl  is  rotor  speed  in  radians  per  second 


Substituting  Wf,  L,  and  R  in  the  static  moment  and  inertia 
expressions,  the  equation  becomes 


8  * 


(17) 


» 

As  gross  weight  and  radius  increase,  holding  blade  weight  and 
tip  speed  constant,  rotor  speed  decreases  and  the  coning  angle 
increases.  If  the  coning  angle  is  set  at  a  given  value,  the 
blade  weight  required  to  produce  this  angle  can  be  determined 
for  any  combination  of  gross  weight,  blade  radius,  and  rotor 
speed. 


1 


1 
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Figure  137.  Rotor  Group  Weight  Trend 


I 


1  I 

! 

The  preliminary  design  study  revealed  the  occurrence  of  high 
coning  angles  when  rotor  weights  derived  by  the  standard  trend 
were  used.  Since  this  existing  trend  does  not  reflect  blade 
coning  angle,  it  could  not  be  used  for  the  preliminary  design 
study. 

The  following  are  the  detail  weight  analyses  for  preliminary 
design  of  the  tandem-lift  and  single-lift/antitorque  rotor  ' 
systems  based  on  this  procedure. 

ROTOR  GROUP — TANDEM- LIFT  ROTOR  SYSTEM 

The  rotor  group  weight  is  obtained  by  using  the  blade  weight 
distribution  curve  (Figure  64)  to  establish  the  weight  of  the 
blade,  and  by  calculated  weights  based  on  preliminary  stress 
analysis  and  layouts  for  the  hub,  hinge,  and  blade  retention 
system. 

Blades 

Using  the  blade  weight  distribution  curve  (Figure  64)  for  the 
P-6  fiberglass  blade,  the  following  blade  weight  is  estab¬ 
lished: 

Station  49.5-75.5:  26.0  x  2.67  lb/in.  =  69.4 

Station  75.5-115.0  1/2  (39.5) (1.15  +  1.89)  lb/in.  -  60.0 

Station  115.0-502.0:  1/2  (387.0)  (1.89  +  1.40)  lb/in. -  636.6 
Station  502.0-516.0:  14.0  x  2.32  lb/in.  =  32.5 

Total  weight  in  pounds  per  blade 

(steel  root-end  fitting)  =  798.5 

The  weight  of  the  steel  root-end  fitting  (station  49.5-75.5) 
is  26.0  (2.67-1.15)  lb/in  =  39.5.  Substituting  titanium  at 
80-percent  allowable  stress  value  results  in  a  weight  saving 
of  10.5  pounds  per  blade.  Weight  of  titanium  fitting  is  39.5 
pounds  x  0.735  =  29.0. 

Total  weight  in  pounds  per  blade 

(titanium  root-end  fitting)  =  788.0 

Rotor  Hub  Assembly 

t 

Based  on  preliminary  stress  analysis  for  sizes,  and  the  prelim¬ 
inary  layout  for  the  rotor  head,  the  following  weights  for  the 
hub  components  have  been  calculated: 

1 

i 
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1.  Hub  block  -  Steel  443 

-  Titanium  316 

2.  Hub  retaininq  plate  -  Steel  17 

-  Titanium  12 

3.  Hub  oil  reservoir  -  Magnesium  7 

4.  Hub  lubricating  oil  4 

(0.534  gallons  x  7.5  pounds  per  gallon 

Total  hub  weight  in  pounds  per  rotor 

steel  components  471 

titanium  components  3  9 


Hinae  and  Blade  Retention  System 

The  following  table  shows  the  weight  breakdown  calculated  for 
the  hinge  and  blade  retention  system.  These  weights  are  based 
on  sizes  established  by  stress  analysis  of  the  preliminary 
rotor  hub  layout. 


Steel 

_ Titanium _ 

No.  Par 

Component  Rotor 

Unit 

Weight 

(lb) 

Weight 

Rotor 

(lb) 

Unit 

Weight 

(lb) 

Weight 

Rotor 

(lb) 

Horizontal  Pin 

3 

72.0 

216.0 

51.5 

154.5 

-Retainer  cap 

3 

4.5 

13.5 

3.2 

9.6 

-Retainer  cap 

3 

3.8 

11.4 

2.7 

8.1 

-Retainer 

3 

1.9 

5.7 

1.4 

4.2 

-Retainer  nut 

3 

2.5 

7.5 

1.8 

5.4 

-Seale* 

6 

0.5 

3.0 

0.5 

3.0 

-Bushings 

6 

2.2 

13.2 

1.6 

9.6 

-Bearings  assy* 

6 

18.5 

111.0 

18.5 

111.0 

Extension  link 

3 

78.5 

235.5 

56.0 

168.0 

Tension-torsion  strap 

3 

46.0 

138.0 

33.0 

99.0 

Tension-torsion  pin 

3 

6.0 

18.0 

4.3 

12.9 

vertical  pin 

3 

28.0 

84.0 

20.0 

60.0 

Pitch  housing 

Pitch  shaft 

3 

128.0 

384.0 

91.0 

273.0 

inbd  brg  assy* 

3 

27.0 

81.0 

27.0 

81.0 

Obd  brg  assy* 

3 

14.0 

42.0 

14.0 

42.0 

Oil  reservoir* 

3 

1.0 

3.0 

1.0 

3.0 

Lubricating  Oil  - 

Total  Weight  per  Rotor 

Use 

1.0 

M 

1570.8 

1570 

1.0 

3.0 

1190.7 

1190 

♦The  following  components  are  not  affected  by  substituting 
titanium  for  steel  t 

Horizontal  pin  seals  are  aluminum. 

Bearing  assemblies  must  be  steel. 

Pitch  shaft  oil  reservoir  is  magnesium. 

Rotor  Group  Weight  Summary 


The  results  of  the  rotor  group  weight  analysis  are 
in  the  following  table. 

summarized 

ROTOR  COMPONENTS 

WEIGHT 

STEEL 

(lb) 

PER  ROTOR 

TITANIUM 

(lb) 

Blades  (3/rotor) 

2395.5 

2364.0 

Hub 

471.0 

339.0 

Hinge  and  blade  retention 

1570.0 

1190.0 

Total  weight  per  rotor  (Wr) 

4436.5 

3893.0 

Number  of  Rotors  (nr) 

x  2 

x  2 

Total  Rotor  Group  Weight  (WR) 

8873.0 

7786.0 

The  substitution  of  titanium  for  steel  in  these  rotor  system 
components  is  feasible  within  existing  technology.  Therefore, 
the  rotor  group  weight  for  the  preliminary  design  study  is 
7786  pounds  per  aircraft. 

ROTOR  GROUP — SINGLE-LIFT/ANTITORQUE  ROTOR  SYSTEM 

The  group  weight  for  the  single-lift/antitorque  rotor  system 
is  obtained  as  described  below. 

Blades 


The  same  coning  angle  criteria  established  for  the  tandem-lift 
rotor  system  is  applied  to  the  single-lift/antitorque  rotor 
system.  Restricting  the  coning  angle  to  a  maximum  of  6.6 
degrees,  the  blade  weight  required  to  produce  this  limit  can  be 
determined  by  using  equation  18. 


^ (radians) 


0.75  R 


GW 


Nr  x  b 
z - 


-  M 


if  n 


(18) 
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where 

0  is  coning  angle  in  radians 
R  is  rotor  radius  in  feet 
GW  is  design  gross  weight  in  pounds 
Nr  is  number  of  rotors 
b  is  number  of  blades  per  rotor 
M  is  blade  static  moment  in  foot-pounds,  or  Wf  R 
Wf  is  blade  flapping  weight  in  pounds 
R  is  distance  from  centerline  of  flapping  hinge  to 
blade  center  of  gravity  in  feet 
If  is  blade  flapping  inertia  in  foot -pound-seconds 
squared,  or  w 

k  -i.  L2 

g 

k  is  0.19 

L  is  R-d,  or  48  -  1.5  =  46.5 
d  is  hinge  offset 

0  is  rotor  speed  in  radians  per  second 

Substituting  the  known  parameters  in  the  equation  results  in 
the  following: 


0.1152  radians* 


0.75(48.0) 


'91.600 
,  1  x  5 


)  -  Wf  i 


0. 19/Wf\  L2  x  [0.105(139  rpm)] 


'(?) 


(19) 


Based  on  a  blade  weight  distribution,  the  blade  center  of 
gravity  was  determined  to  be  at  40  percent  of  the  rotor  radius. 
The  flapping  hinge  offset  (distance  from  centerline  of  rotation 
to  centerline  of  flapping  hinge)  for  the  single-lift/antitorque 
rotor  system  is  1.5  feet.  Therefore,  the  value  of  R  is 

R  =0.40  (48.0)  -  1.5  =  17.7  feet 
S  =  0.1152  = 

O’  19  ^  (46. 5)2  [0.105  (139  rpm)]  2 

\ 32. 2/  L  4  (20) 


Solving  for  Wf,  the  required  blade  flapping  weight  is 
2003  pounds  per  blade. 


The  ratio  of  blade  weight  to  blade  flapping  weight  1st 

i 

W 

_b  =  0.600, 

Wf  (21) 

.5 

Therefore,  the  blade  weight  ist 

Wb  =  0.6  (2003)  =  1202  pounds  per  blade  (22) 

t  Rotor  Hub  Assembly 

The  weight  of  a  steel  hub  assembly  is  estimated  to  be  20 
I  percent  of  the  total  blade  weight  (0.20  W^) : 

wh  =  0.20EWb 

«=  0.20  (1202  x  5)  =  1202  pounds  1  ; 

Hinge  _and  Blade  Retention  System 

The  weight  of  the  hinge  and  blade  retention  system  is  obtained 
by  subtracting  the  blade  weight  (W^)  from  the  blade  flapping 
weight  (Wf ) . 


WH  =  Wf  -  Wb  =  2003  -  1202 
=  801  pounds  per  blade  x  5  =  4005  pounds  (24) 


# 


t 


This  weight  is  again  based  on  steel  components. 

Rotor  Group  Weight  Optimization 

The  total  rotor  group  weight  derived  in  the  preceding  para¬ 
graphs  is  11,217  pounds.  In  order  to  reflect  the  technology 
advances  available  in  1958  to  1972,  the  rotor  group  weight 
will  be  optimized  using  the  same  criteria  used  for  the  tandem 
lift  rotor  system.  This  optimization  is  obtained  by  substi¬ 
tuting  titanium,  at  80  percent  of  allowable  stress,  for  steel 
components  wherever  feasible. 

Blades 


The  steel  root-end  fitting  accounts  for  9  percent  of 
the  blade  weight. 


WF  (Steel)  =  0.09(1202)  =  108  pounds  per  blade  (25) 
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Wp  (Titanium)  »  108  (0.735)  ■  79  pounds  per  blade  (26) 

Total  weight  saving  ■  5  (29  pounds  per  blade)  ■ 

145  pounds.  (27) 

Hub  Assembly 

Substituting  titanium  for  steel  in  the  hub  results  in  a 
weight  reduction  of  318  pounds. 

Hinge  and  Blade-Retention  System 

The  weight  of  the  hinge  and  blade-retention  system  is 
4005  pounds  using  steel  components.  Since  some  of  these 
components  (bearings,  bushings,  etc.)  must  remain  steel, 
only  84.5  percent  of  the  total  system  weight  can  be 
considered  for  titanium  substitution.  The  titanium  reduc¬ 
tion  factor  of  0.735  is  increased  to  0.716  based  on  the 
more  detailed  analysis  performed  on  the  tandem-lift  rotor. 


WH  »  4005  x  0.845  =  3384  pounds  available  for 
titanium  substitution. 

Wjj  (Titanium)  =  3384  x  0.716  =  2423  pounds 

Wjj  (Steel)  *  4005  x  3384  =  621  pounds 

Total  Wjj  using  titanium  =  3044  pounds 


(28) 


This  is  a  weight  saving  of  961  pounds. 


Rotor  Group  Weight  Summary 

The  following  table  summarizes  the  weights  for  blades,  hub, 
hinge  and  blade  retention  system  for  the  single-lift/antitorque 
rotor  system. 


Rotor  Group 

Std  Steel 
(lb) 

Opt 'zed  Ti 
(lb) 

Blades  (5  required) 

6,010 

5,865 

Hub 

1,202 

884 

Hinge  and  blade  retention 

4.005 

3.044 

Total  rotor  group  weight 

11,217 

9,793 

The  weight  of  the  optimized  rotor  group  is  used  in  this  report. 
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TAIL  GROUP— SINGLE-LIFT/ANTITORQUE  ROTOR  SYSTEM  ONLY 

The  weight  of  the  horizontal  stablizer  is  estimated  using  a 
unit  weight  of  2.73  pounds  per  square  foot  multiplied  by  the 
stabilizer  area  in  square  feet. 

The  tail  rotor  weight  is  obtained  using  the  standard  rotor 
group  trend  modified  by  changing  the  multiplying  constant  from 

*  14.2  to  16.05. 

BODY  GROUP 

I 

Vertol  Division  has  developed  two  weight  trends  for  use  in 
determining  helicopter  fuselage  weights.  The  overall  Body 
Group  Trend  (Figure  138)  is  used  to  derive  the  weights  for  the 
transport.  The  weights  for  the  crane  are  developed  by  using 
the  Body  Group  Basic  Structure  Trend  (Figure  139)  to  obtain 
the  basic  structure  weights,  and  adding  the  built-up  weight  of 
secondary  structure  and  penalties  for  specific  design  features. 
The  K-factor  for  both  trends  is  identical  and  reflects  the 
effect  of  the  following  parameters  on  body  weight:  design 
gross  weight  (Wg) ,  ultimate  load  factor  (n),  fuselage  wetted 
area  (Sf ) ,  cabin  length  (lc),  ramp  well  length  (1^*)*  allow¬ 
able  center  of  gravity  travel  (ACG),  and  maximum  forward 
flight  velocity  (V^x) . 

While  the  body  group  trend  gives  excellent  correlation  for 
transport  helicopters,  the  basic  structure  trend  is  applicable 
to  almost  all  helicopter  configurations.  The  basic  structure 
approach  was  used  for  the  crane  configurations  because  of  the 
significantly  smaller  amount  of  secondary  structure  in  this 
type  aircraft. 

ALIGHTING  GEAR  GROUP 
f  - 

The  weights  for  this  group  are  derived  using  a  standard  per¬ 
centage  of  design  gross  weight  for  structure,  a  fixed  constant 

*  for  controls  which  is  based  on  existing  installations,  and 
the  latest  vendor  weights  for  the  high- flotation  (low  unit 
construction  index)  rolling  gear. 

The  detail  weight  breakdowns  for  the  tandem-lift  rotor  and  the 
single-lift/antitorque  rotor  helicopters  cover  both  the  rotor 
system  parametric  analysis  and  preliminary  design  study. 
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Figure  138.  Body  Group  -  Transport  Helicopters, 
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Figure  139.  Body  Group  -  Basic  Structure* 
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Parametric  Analysis  of  Tandem-Lift  Rotor  Transport 

This  configuration  uses  a  standard  fixed  tricycle  gear  arrange¬ 
ment  with  quad-bogie  mounted  wheels  on  all  three  gears.  The 
following  is  the  weight  derivation  for  this  helicopter: 

Rolling  Gear  1322  pounds 

Forward  (Auxiliary)  Gear: 

(4)  17.00-16  Wheel  Assemblies  676 
(at  169  pounds  each) 

Aft  (Main)  Gear: 

(8)  11.00-12  Wheel  Assemblies  646 
(including  brakes) 

Controls  and  Supports:  (Estimated  Weights)  55  pounds 


Forward  Gear  15 

Aft  Gear  40 


Power  Steering  -  Forward  Gear  Only 
(Estimated  Weights) 


50  pounds 


Structure  2600  pounds 

Forward  Gear:  0.5  percent  Wg  =  0.005 
(87,000)  435 

Aft  Gear:  1.55  percent  Wg  =  0.155 
(87,000)  1350 

Wheel  Bogies  480 

Forward:  1/3  x  0.55  percent  Wg  = 

1/3(0.55  percent)  (87,000)  160 
Aft:  2/3  x  0.55  percent  Wg  = 

2/3(0.55  percent)  (87,000)  320 


Aft  Landing  Gear  Stubs  335 

11.2  ft  x  5.0  ft  x  3.0  ps  x 
2  required  335 


Total  Existing  Technology  Alighting  4027  pounds 

Gear  Group 


a 


9 


\ 


I 
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Advanced  technology  weight  optimization 
reduces  the  weight  of  structure  by  5  percent* 


Structure:  2600  pounds  x  0.95 

Add: 

2470 

pounds 

Rolling  Gear 

1322 

Controls  and  Supports 

55 

Power  Steering 

50 

Total  Advanced  Technology  Alighting 

Gear  Group 

3897 

pounds 

Parametric  Analysis  of  Tandem-Lift  Rotor  Crane/Personnel  Carrier 

The  crane/personnel  carrier  configuration  uses  a  fixed  tricycle 
gear  arrangement  with  quad-bogie  mounted  wheels  on  all  three 
gears.  The  aft  (main)  gear  is  mounted  on  long  struts  to 
accommodate  load  clearances  and  to  provide  for  straddling  of 
external  loads.  The  weight  derivation  for  this  aircraft  is  as 
follows: 


Rolling  Gear  1322  pounds 

Forward  (Auxiliary)  Gear: 

(4)  17.00-16  Wheel  Assemblies 
(at  169  pounds  each)  676 

Aft  (Main)  Gear:  (8)  11.00-12 
Wheel  Assemblies 
(including  brakes)  646 

Controls  and  Supports  (Estimated  Weights)  55  pounds 


Forward  Gear  15 

Aft  Gear  40 


Power  Steering  -  Forward  Gear  Only 
(Estimated  Weights) 


50  pounds 


Structure  (Tall  Aft  Gear) 


Forward  Gear:  0.5  percent  Wg  =  0.005 

(87,000  pounds)  435 
Aft  Gear:  3.6  percent  Wg  =  0.036 

(87,000  pounds)  3132 
Wheel  Bogies:  305 


3872  pounds 
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Forward:  1/3  x  0.35  percent 
(87,000) 

Aft:  2/3  x  0.35  percent 
(87,000) 


(Existing  Technology) 


5299  pounds 


Using  a  5-percent  weight  reduction  factor,  to  reflect 
the  1968-1972  technology  advances,  reduces  the  weight 
of  alighting  gear  structure. 


Structure:  3872  pounds  x  0.95 

Add: 

Rolling  Gear 
Controls  and  Supports 
Power  Steering 

Total  Advanced  Technology  Alightin 
Gear  Group 


3678  pounds 

1322 

55 

50 


5105  pounds 


Preliminary  Design  Study  of  Tandem-Lift  Rotor  Transport 

This  configuration  uses  a  standard  fixed  tricycle  gear  arrange¬ 
ment  with  dual  wheels  on  all  three  gears.  The  following  is 
the  weight  derivation  for  this  configuration: 


Forward  (Auxiliary)  Gear 


Rolling  Gear 


763  pounds 


Tires:  17.00-16  (2  at 

124  pounds  each)  248 

Tubes:  17.00-16  (2  at 

19  pounds  each)  38 

Wheels:  17.00-16  (2  at 

24  pounds  each)  48 

Air:  Estimated  at  2.0 

pounds  per  tire  4 

Controls  and  Supports  (Estimated) 

Power  Steering  (Estimated) 

Structure 


15  pounds 
50  pounds 


360  pounds 
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The  estimated  weight  for  the  forward  landing 
gear  structure  is  equal  to  25  percent  (Wg  x  3.5 
percent)  minus  the  weight  of  rolling  gear 
controls  and  supports,  and  power  steering. 


Ws  =  0.25  (87,000  pound  x  3.5  percent) 
=  763  pounds  -  403  pounds 


(29) 


Aft  (Main)  Gear 


2621  pounds 


Rolling  Gear  816 


Tires:  17.00-16  (4  at 

124  pounds  each)  496 

Tubes:  17.00-16  (4  at 

19  pounds  each)  76 

Wheels:  17.00-16  (4  at 

24  pounds  each)  96 

Brakes:  (4  at  35  pounds 

each)  140 

(KECap. =  1.9  x  106  foot-pound) 
Air:  Estimated  at  2.0 

pounds  per  tire  8 


Controls  and  Supports  (Estimated) 


40 


Structure 

Ws  =  0.75  (87,000  x  3.5  percent) 

=  2286  -  856  pounds  1430  (30) 

Add:  Main  Gear  Stubs: 

56  feet  squared  per  side  x 

3.0  psf  x  2  =  235  pounds  _ 

Total  Alighting  Gear  Group  3384  pounds 


Preliminary  Desig.,  1  tudv  of  Tandem-Lift  Rotor  Crane/Personnel 
Carrier 


The  alighting  gear  is  a  fixed,  tricycle,  dual-wheel  arrangement 
with  tall  aft  (main)  gear  to  accommodate  load  clearances  and 
straddling  capability.  The  total  group  weight  is  approximately 
4-1/2  percent  of  the  design  gross  weight,  with  a  20/80  percent 
group  weight  distribution  between  the  auxiliary  and  main  gear 
respectively. 
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Forward  (Auxiliary)  Gear 


788  pounds 


Rolling  Gear  338 

Tires:  17.00-16  (2  at  124 

pound  248 

Tubes:  17.00-16  (2  at  19 

pound  38 

Wheels:  17.00-16  (2  at  24 

pound  48 

Air:  Estimated  at  2.0 

pound  4 

Controls  and  Supports  15 


Power  Steering  50 


Structure  385 


Ws  =  0.20  (87,000  x  4.5  percent) 
=  788-403  pounds 


(31) 


Aft  (Main)  Gear 


3131  pounds 


Rolling  Gear  816 

Tires:  17.00-16  (4  at  124 

pounds  each)  496 

Tubes:  17.00-16  (4  at  19 

pounds  each)  76 

Wheels:  17.00-16  (4  at  24 

pounds  each)  96 

Brakes:  (4  at  35  pounds  each)  140 
(KE  Cap  «  1.9  x  106  foot-pounds) 

Air:  Estimated  at  2.0 

pounds  per  tire  8 


Controls  and  Supports 


40 


Structure 


2275 


Ws  =  0.80  (87,000  x  4.5  percent) 
=  3131-856  pounds 


(32) 


Total  Alighting  Gear  Group 


3919  pounds 
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Parametric  Analysis  of  Single-Lift/Antitorcrue  Rotor  Transport 


This  configuration  uses  a  standard  fixed  tricycle  gear  arrange¬ 
ment  with  quad  bogie-mounted  wheels  on  all  three  gears. 


Rolling  Gear 


1322  pounds 


Forward  (Auxiliary)  Gear:  (4) 

17.00-16  Wheel  Assembly 

(at  169  pounds  each)  676 

Aft  (Main)  Gear:  (8)  11.00-12  Wheel  646 
Assembly  (at  80.75  pounds  each 
including  brakes) 

Controls  and  Supports  (Estimated) .  55  pounds 


Forward  Gear  15 

Aft  Gear  40 


Power  Steering  -  Forward  Gear  Only  50  pounds 

(Estimated) 

Structure  2873  pounds 


Forward  Gear:  1/3  (2.22  percent) 
(91 , 600  pounds) 

678 

Aft  Gear:  2/3  (2.22  percent) 
(91,600  pounds) 

1356 

Wheel  Bogies: 

504 

Forward:  1/3  (0.55  percent) 
(91,600  pounds) 

168 

Aft:  2/3  (0.55  percent) 

(91,600  pounds) 

336 

Main  Landing  Gear  Stubs 

56  feet  squared  per  side  x 

335 

3.0  pounds  per  square  foot 
x  2 

335 

Reducing  the  structure  weight  by  5  percent  for  the  1968- 
1972  advanced  technology: 


Structure  2873  pounds  x  0.95  2729 


Rolling  Gear 


1322 


Controls  and  Supports 


55 


Power  Steering 


50 


Total  Alighting  Gear  Group 
(Advanced  Technology) 


4156  pounds 


Parametric  Analysis  of  Single  Rotor  Crane/Personnel  Carrier 

The  crane/personnel  carrier  uses  the  same  gear  arrangement  as 
the  transport.  The  major  difference  between  configurations  is 
the  tall  aft  (main)  gear  struts  to  provide  for  clearances  and 
straddling  of  large  external  loads. 


Rolling  Gear  Same  as  Transport 
Controls  and  Supports  Same  as  Transport 
Power  Steering  Same  as  Transport 

Subtotal 

Structure  (with  Tall  Aft  Gear) 

366 

3380 
320 


Forward  Gear:  0.4  percent  (91,500 

pounds) 

Aft  Gear:  3.7  percent  (91,500  pounds) 
Wheel  Bogies:  0.35  percent 
(91,500  pounds) 


1322  pounds 
55  pounds 
50  pounds 
1427  pounds 
4066  pounds 


Total 


5493  pounds 


A 


f 


Using  a  1968-1972  advanced  technology  weight  reduction 
factor  of  5  percent  results  in  an  alighting  gear  group 


weight  of: 

Structure  4066  pounds  x  0.95  3860 

Rolling  Gear  1322 

Controls  and  Supports  55 

Power  Steering  50 

Total  Alighting  Gear  Group  5287  pounds 


* 


♦ 
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Preliminary  Design  Study  of  Sinqle-Lift/Anti torque  Rotor 
Transport 


i 


This  configuration  uses  a  standard  fixed  tricycle  gear  arrange¬ 
ment  with  dual  wheels  on  all  three  gears.  The  following  is  the 
weight  derivation  for  this  helicopter. 


Forward  (Auxiliary)  Gear 
Rolling  Gear 

Tires:  17.00-16  (2  at  124 
pounds  each) 

Tubes:  17.00-16  (2  at  19 
pounds  each) 

Wheels:  17.00-16  (2  at  24 
pounds  each) 

Air:  Estimated  at  2.0 
pounds  per  tire 


Power  Steering  (Estimated) 
Structure 


803  pounds 

338 

248 

38 

48 

4 

15 
50 
400 


Controls  and  Supports  (Estimated) 


The  estimated  weight  for  the  forward 
landing  gear  structure  is  equal  to  25  percent 
(Wg  x  3.5  percent)  minus  the  weight  of  rolling 
gear,  controls  and  supports,  and  power  steering. 

Ws  =  0.25  (91,600  pounds  x  3.5  percent 

=  803-403  pounds  =  400  pounds  (33) 

Aft  (Main)  Gear  2741  pounds 

Rolling  Gear  816 


Tires:  17.00-16 

(4 

at 

124 

496 

pounds  each) 

Tubes:  17.00-16 

(4 

at 

19 

76 

pounds  each) 

Wheels:  17.00-16 

(4  at 

24 

96 

pounds  each) 

Brakes:  (4  at  35  pounds  each)  140 
KE  Cap.  =  1.9  x  10®  foot-pounds) 
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Air:  Estimated  at  2.0 
pounds  per  tire 

Controls  and  Supports  (Estimated  Weight)  40 

Structure  1885 

Ws  «  0.75  (91,600  pounds  x  3.5  percent) 

=  2406-856  pounds  1550 

Add:  Main  Gear  Stubs: 

45  feet  squared  per  side  x  3.0 

psf  x  2  335 


Total  Alighting  Gear  Group  3544  pounds 

Preliminary  Design  Study  of  Single- Lift/Antitorque  Rotor  Crane/ 
Personnel  Carrier 


The  alighting  gear  for  this  configuration  is  a  fixed,  tricycle, 
dual-wheel  arrangement  with  tall  aft  (main)  gear  to  accommodate 
load  clearances  and  straddling  capability.  The  total  group 
weight  is  approximately  4-1/2  percent  of  the  design  gross 
weight,  with  a  20/80  percent  group  weight  distribution  between 
the  auxiliary  and  main  gear  respectively. 

Forward  (Auxiliary)  Gear 
Rolling  Gear 

Tires:  17.00-16  (2  at  124 
pounds  each) 

Tubes:  17.00-16  (2  at  19 
pounds  each) 

Wheels:  17.00-16  (2  at  24 
pounds  each) 

Air:  Estimated  at  2.0 
pounds  per  tire 


Controls  and  Supports 

15 

Power  Steering 

50 

Structure 

422 

Ws  =  0.20  (91,600  x  4.5  percent)  =  825-403  pounds 

(34) 


825  pounds 

338 

248 

38 

48 

4 
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3300  pounds 


Aft  (Main)  Gear 


Rolling  Gear 


Tires:  17.00-16  (4  at  124  496 

pounds  each) 

Tubes:  17.00-16  (4  at  19  76 

pounds  each) 

Wheels:  17.00-16  (4  at  24  96 

pounds  each) 

Brakes:  (4  at  35  pounds  each)  140 
(KE  Cap  *  i,9  x  10®  ^t-pounds) 

Air:  Estimated  at  2.0  8 

pounds  per  tire 

Controls  and  Supports 


Structures 

Ws  =  0.80  (91,600  x  4.5  percent) 
=  3300-856  pounds 

Total  Alighting  Gear  Group 


2444 


_  (35) 

4125  pounds 


FLIGHT  CONTROLS  GROUP 

The  weights  for  cockpit,  upper,  and  system  controls  have  been 
derived  using  the  trend  curves  (Figures  140,  141,  and  142). 
Estimated  weights  are  used  for  the  stability  augmentation 
system  (S.A.S.) ,  and  the  loadmaster's  hover  controls. 

The  weight  of  cockpit  controls  is  obtained  from  equation  36: 


/wq  \  °* 

=  l1®3/ 


(36) 


where 

Wg  is  design  gross  weight 
The  trend  expressions  for  upper  controls  are: 

WUC  =  nr  x  0*15  Wr 

where 

nr  is  number  of  rotors 

Wr  is  rotor  group  weight  per  rotor 


(37) 
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Tandem 


Figure  140.  Flight  Controls  Group-Cockpit  Controls  Weight 
Trend  (for  Helicopter  Dual  Cockpit  Controls), 


Rotor  in  Poun 


Rotor  in  Pounds 


1  IQ  102  103 

_"r 

100 


Figure  142.  Flight  Controls  Group  System  Controls 
Weight  Trend. 
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ENGINE  SECTION  OR  NACELLE  GROUP 


Parametric  Analysis  of  Tandem-Lift  Rotor  System 

The  engine  section  weight  is  assumed  to  be  identical  in  both 
tandem-lift  rotor  configurations.  The  weight  estimate  is  based 
on  a  similar  installation  in  the  CH-47A.  For  purposes  of  the 
parametric  study,  the  engine  section  weight  has  been  reduced  to 
a  function  of  the  number  of  engines.  The  following  is  the 
weight  estimate  for  the  LTC4B-11  type  engine  installation. 

WES  =  90  x  NE  =  90  x  4  =  360  pounds  (38) 


where 

Ne  is  number  of  engines 

Reducing  this  weight  by  5  percent  to  reflect  the  1968-1972 
advanced  technology  results  in  an  engine  section  weight  of 

(WEs)a  =  360  x  0.95  =  342  pounds  (39) 

Parametric  Analysis  of  Single- Li ft /Anti to roue  Rotor  System  , 

The  engine  section  weight  is  assumed  to  be  the  same  for  both 
single- lift/anti torque  rotor  configurations.  For  purposes  of 
the  parametric  study,  the  weight  of  the  engine  section  has  been 
reduced  to  a  function  of  the  number  of  engines,  and  is  based  on 
similar  single-lift/antitorque  rotor  engine  installations.  The 
following  is  the  weight  estimate  for  the  501-M26  engines. 

WES  =  I52  ne  =  152  x  4  =  608  pounds  (40) 


where 

Ne  is  number  of  engines 

Reducing  this  weight  by  5  percent  for  advanced  technology 
results  in  a  weight  saving  of  33  pounds. 

(WEs)A  =  608  -  33  =  575  pounds 

Preliminary  Design  Study  of  Tandem-Lift  Rotor  Transport 

The  engine  section  weight  is  a  function  of  engine  size  and 
weight.  Engine  mount  weight  is  a  function  of  engine  weight  and 
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crash  load  factor.  Standard  unit  weights  in  pounds  per  square 
foot  are  used  to  determine  firewall  and  nacelle  structure 
weights. 


The  engines  in  the  transport  configuration  are  installed  in 
a  stub-wing  type  structure,  and  each  pair  of  engines  is 
separated  by  a  structural  firewall. 

Engine  Mount 

0  41 

WM  =  (We  x  11  Cr)  *  x  nE  =  pounds 

(42) 

where 

We  is  engine  weight 
nCR  is  crash  load  factor 
NE  is  number  of  engines 

WM  =  (645  x  8.0)  x  4  =  140  pounds 

(43) 

Structural  Firewall  30  pounds 


12.5  feet  squared  per  side  x  1.2  psf 
x  2  required  =  30  pounds 


Nacelle  Structure 


270  pounds 


226  feet  squared  per  side  x  0.6  psf 

=135  pounds  per  side  x  2  =  270  pounds  _ 

Total  Nacelle  Group  -  Existing  Technology  440  pounds 

Advanced  technology  weight  optimization  x  0.95 
factor  _ 


Total  Nacelle  Group  -  Advanced  Technology  420  pounds 


Preliminary  Design  Study  of  Tandem-Lift  Rotor  Crane /Personnel 
Carrier 

The  engines  in  both  crane  configurations  are  installed  in  the 
aft  landing  gear  support  struts  and  are  separated  by  a 
structural  firewall.  The  weight  for  nacelle  structure  is 
included  in  the  landing  gear  group  weight  for  aft  gear  structure. 

Engine  Mounts  Same  as  Transport  140  pounds 

Structural  Firewall  54  pounds 


22.5  squared  feet  per  side  x  1.2  pounds  per  square  foot 


x  2  required  =  54  pounds 


f 


Total  Nacelle  Group  -  Existing  Technology 
Advanced  technology  weight  optimization 
factor 


194  pounds 
x  0.95 


Total  Nacelle  Group  -  Advanced  Technology  185  pounds 


Preliminary  Design  of  Single-Li ft/Antitorque  Rotor  Aircraft 

The  engine  section  weight  is  a  function  of  engine  size  and 
weight.  The  weight  of  engine  mounts  is  a  function  of  engine 
weight  and  crash  load  factor.  The  crash  load  factor  has  been 
increased  from  8g  to  20g  on  the  single-lift/antitorque  rotor 
system  because  of  the  location  of  the  engines  above  the  cabin. 


Engine  Mount 

WM  =  We(ncR)  °-41  x  Ne 

where 

We  is  engine  weight  =  1030  pounds 
nCR  is  crash  load  factor  =  20 
Ne  is  number  of  engines  =  4 

WM  is  Q.030 ( 20 )j  x  4  =  232  pounds 

Nacelle  Structure  and  Firewall  343  pounds 

Nacelle  wetted  area  45  square  feet 

at  1.91  pounds  per  square  foot  x  4  =  343  pounds _ 

Total  Nacelle  Group  -  Advanced  Technology  575  pounds 

PROPULSION  GROUP  (EXCLUDING  DRIVE  SYSTEM) 

The  engine  weights  are  taken  from  manufacturers'  specifications. 
The  weights  of  propulsion  subsystems  are  based  on  similar 
installations  from  existing  aircraft. 


232  pounds 
(44) 


Fuel  tank  weights  are  obtained  using  a  unit  weight  of  0.2625 
pounds  per  gallon  multiplied  by  the  total  usable  capacity  in 
gallons.  This  unit  weight  represents  a  tank  with  50-percent 
self-sealing  cells  protected  against  7.62mm  (.30  cal.) 
projectiles. 
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DRIVE  SYSTEM 


The  drive  system  weight  for  the  rotor  system  parametric 
analysis  was  obtained  using  the  "overall"  trend,  modified  to 
reflect  the  results  of  the  Heavy-Lift  Transmission  Study 
(Reference  27).  The  standard  trend  expression  (Figure  143)  is 


WQ  =  260 

is  transmission  design  horsepower 
is  rotor  speed  (rpm) 

is  1.0  for  single-lift/antitorque  rotor  system 
or  1.2  for  tandem-lift  rotor  system 

The  modified  trend  equation  is 


\  u.a 
k  HPX  \ 

*~Nr  J  (45) 


where 

HPX 

Nr 

k 


1  2  HP 

W  =  196  I  — - -- 

D  V  n„ 


0.8 


for  tandem-lift  rotor 


(46) 


and 


WD  *  200 


1.0  HPx 
nr 


0.8 


for  s ingle-1 ift/antitorque  rotor  (47) 


The  drive  system  weights  for  the  preliminary  design  study 
were  estimated  using  the  following  equations: 


HP. 


0.8 


Wn  =  195  (  -JLai - X 


for  tandem-lift  rotor 


n. 


(48) 


and 


WD  =  200 


HP 

1.0  x 


0.8 


for  single-lift/antitorque  rotor  (49) 


NOTE:  The  small  adjustment  in  the  constant  of  the  tandem-lift 
rotor  equation  used  for  the  preliminary  design  study 
resulted  from  a  detailed  item-by-item  review  of  the 
drive  system  using  proprietary  estimating  methods. 
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FIXED  EQUIPMENT  GROUPS 


The  following  group  weights  have  been  determined  from 
statistical  analysis  of  existing  aircraft  and  from  preliminary 
requirements  specified  in  the  original  QMDO  issued  by  the  Army. 
These  group  weights  will  vary  depending  on  the  configuration, 
but  the  variation  will  be  small  when  comparing  similar  type 
aircraft;  i.e.,  single-lift/antitorque  rotor  versus  tandem- 
lift  rotor  transports. 

Auxiliary  Power  plant  Group 

(125  HP  System)  130 

CH-47A  unit  (80  HP)  =  67  pounds  *  0.84  pounds  per 
horsepower;  HLH  unit  (125  HP)  =  125  horsepower  x 
0.84  pounds  per  horsepower  105 

Air  induction  system  3 

Exhaust  system  1 

Fuel  system:  pump  (3  pounds)  +  plumbing  (5  pounds)  8 

Controls  10 

Supports  and  miscellaneous  3 

Instruments  Group  248 


Wx  =  180  +  17  Ne 

where 

180  is  weight  (pounds)  of  flight,  fuel,  quantity,  drive 
hydraulic  and  miscellaneous  instrument 
installations 


(50) 


17  is  weight  (pounds)  of  engine  instruments  per  engine 
Ne  is  number  of  engines 


Wj  =  180  +  17  (4)  =  248  pounds 


Hydraulics  Grout 


Motors,  pumps  and  supports 

Reservoirs  and  accumulators 

Filters,  pressure  regulators,  and  valves 

Circuitry 

Plumbing 

Fluid 

Cooler  installation 
System  Supports 
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Figure  143.  Drive  System  Weight  Trend  for  Turbine-Powered  Helicopters 


Electrical  Group 


995 


AC  System 


737 


* 

v 


Power  supply  275 

Generators  (3)  40  KVA  231 

Cooling  ducts  2 

APP  (1)  15  KVA  42 

Power  conversion  49 

Transformers  24 

Rectifiers  25 

Power  distribution  and  control  384 

Generator  control  boxes  43 

Supervisory  panels  20 

Meters,  switches,  and  circuit  breakers  16 
Junction,  fuse,  and  distribution  boxes  41 
Relays  6 

Wiring  and  plugs  258 

Lights  and  signal  devices  9 

Equipment  supports  20 

DC  System  258 


Power  Supply  -  22  ampere-hour  battery 

and  supports  1*7 

Power  conversion  -  (2)  static  inverters  32 

Power  distribution  and  control  152 

Supervisory  panels  14 

Switches  and  circuit  breakers  24 

Junction,  fuse,  and  distribution  boxes  17 
Relays  4 

Wiring  and  plugs  93 

Lights  and  signal  devices  14 

Equipment  supports  3 

Electronics  Group  280 


Government 

Contractor 

Instal 

Furnished 

Furnished 

la  t  ion 

Communications 

56 

40 

43 

UHF  radio 

10 

5 

VHF/FM  radio  (with  homing) 

27 

- 

8 

FM  auxiliary  radio 

4 

- 

2 

Crew  intercom  (ICS) 

15 

- 

10 

Loudspeaker  system 

- 

40 

18 

401 


Government 

Contractor 

Instal 

Furnished 

Furnished 

lation 

Navigation 

62 

- 

24 

ADF-LF/MF 

18 

_ 

9 

VOR/DME/LQX 

40 

- 

10 

Marker  beacon 

4 

- 

5 

Identification  fTFPl 

30 

- 

5 

Common  Avionics  Instruments 

_ 

20 

148 

40 

92 

Total  Electronics  Group 

280 

Furnishinqs  and  Ecruipment  Group: 

Transport  Configuration 

783 

Personnel  Accommodations 

466  . 

Pilot  and  copilot  seats 

96 

(2  at  48  pounds  each) 

Crew  seats  (2  at  9  pounds  each) 

18 

Miscellaneous  Accommodations 

and 

oxygen  provisions 

16 

Troop  seat  provisions  2.4  x 

120  troops 

288 

Litter  provisions  0.5  x  96 

litters 

48 

Miscellaneous  Equipment 

181 

Map  and  data  cases 

2 

Windshield  wiper  installation 

10 

Rearview  mirror  installation 

13 

Consoles,  panels,  C/B  panels 

,  etc. 

35 

Cargo  tiedown  fittings 

121 

45  feet  long  x  12  feet  wide  x  0.224  psf 

Furnishinqs 

60 

Soundproofing  and  insulation 

in  cockpit 

area 

Emergency  Equipment 

76 

Portable  fire  extinguisher 

(2  at  8  pounds  each) 

16 

First-aid  kits  (2  at  2  pounds  each) 

4 
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Engine  fire  detection  system 

(3  pounds  per  engine)  12 

Engine  fire  extinguishing  system 

(11  pounds  per  engine)  44 

Furnishings  and  Equipment  Group:  Crane/Personnel  Carrier 


Personnel  Accommodations 

Pilot  and  copilot  seats  (2  at  48  pounds) 
Crew  seats  (2  at  9  pounds  each) 
Miscellaneous  accommodations  and 
oxygen  provisions 

Troop  seat  provisions:  2.4  x  90  troops 
Litter  provisions:  0.5  x  72  litters 

Miscellaneous  Equipment 

Map  and  data  cases 
Windshield  wiper  installation 
Rearview  mirror  installation 
Consoles,  panels,  C/B  panels,  etc. 

Furnishings  (Same  as  transport) 

Emergency  Equipment  (Same  as  transport) 

Air  Conditioning  and  Anti-icing  Group 

Air  Conditioning 

Cockpit  heating  and  ventilation 
system 

Fans  6 

Heat  exchange  (bleed  air  type)  15 
Ducting  -  cockpit  area  20 

-  bleed  air  15 

Controls  5 

Valves,  mufflers,  and  supports  9 


Anti-icing 

Windshield  deicing  (electrical) 

Engine  inlet  anti-icing  (bleed-air) 

(12  pounds  per  engine  x  4  =  48  pounds) 
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Auxiliary  Gear  Group  2550 


Aircraft  handling  gear  32 

Provisions  for  jacking  10 

Provisions  for  hoisting  15 

Aircraft  tiedown  provisions  7 

Load  handling  gear  (5-winch  system)  2518 

Cargo  Hook  -  20- ton  capacity 

(1  required)  150 

-  15 -ton  capacity 

(4  at  75  pounds  each)  300 

Winch  -  20- ton  capacity 

(1  required)  457* 

-  15 -ton  capacity 

(4  at  344  pounds  each)  1376** 
Equipment  supports  235 


NOTE:  *  Weight  includes  75  feet  of  7/8 -inch  diameter 

cable  (MIL-C-5424) 

**  Weight  includes  75  feet  of  3/4- inch 
diameter  cable  (MIL-C-5424) 


l 


\ 
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